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ABSTRACT
This project looks at the production of electricity 
by the CEGB's power stations noting the vast quantities 
of water required for cooling purposes. The main types of 
cooling system and the problem of condenser scaling often 
associated with the use of cooling towers and the evaporative 
cooling process are described, together with the usual 
methods of scale prevention/ treatment.
The Croydon B power station is entirely dependant on 
treated sewage effluent for cooling water. A combination 
of the high total dissolved solids content of sewage 
effluent and their concentration by evaporative cooling 
made condenser scaling a particular problem. A novel method 
was developed, whereby nitrification of ammonia in the 
cooling water was used to control pH and prevent scaling*
The system has been in operation for some twenty years, 
and this project investigates the effect of the major 
physical and chemical factors in cooling towers on the 
nitrification process.
Work was carried out on a laboratory scale in a 15 
litre culture vessel, a 27000 litre pilot scale cooling 
tower rig system: and in the power station itself. The site 
of nitrification and the effect of pH, temperature, substrate 
concentration, flow rates, retention time, packing area and
organic loading were investigated
Differences in the reactions to these factors in the 
different scales of experiment were found and explanations 
attempted. In a power station cooling system: the most 
important factors governing nitrification were felt to be 
pH, flow rate and area of packing.
The results of the tests were used to develop a simple 
model of the system which could be used as a rapid guide 
to the degree of nitrification posible in any cooling tower. 
Finally the feasibility of the use-of different sources 
of ammonia was investigated•
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I- INTRODUCTION
Electrical power generation requires extremely
6 5^large volumes of water, some 109 x 10 metre per day
6 3of which 10% x 10 metre are required for cooling 
purposes (Howells, 1979)•
In. large thermal power stations high pressure 
steam is raised in toilers and used to drive turho 
alternators, producing electrical power. The major costs 
result from the use of fossil fuels in the steam 
production and in order to maintain generation costs at 
as law a level as possible maximum use must be made of 
the steam once raised. In order to achieve this as large 
a pressure differential as possible between the steam 
entering and exhausting from the turbine is necessary. 
The reduction in pressure as the steam passes through 
the turbine has the effect of reducing the boiling point 
such that as the temperature falls in the turbine steam 
is still available to drive it, rather than condensing 
back to water which cannot be used.
This pressure differential is set up by rapidly 
condensing the steam as it exhausts from the turbine, 
the consequent large reduction in volume from steam to 
condensate brings about a considerable pressure drop.
In addition, the condensate can then be passed back to
Figure 1. Power station condenser
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Figure 2. Condenser tubes.
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the boilers for re-use, since boiler feed water needs 
a considerable degree of pre-treatment to prevent boiler 
scaling and corrosion, its conservation in this way also 
assists in keeping the overall costs as low as possible,. 
The steam is condensed on the exhaust side of the turbines 
in large steel chambers (Fig. 1) through which run several 
thousand brass tubes (Fig. 2). Cooling water circulates 
through these tubes lowering the temperature of the 
steam causing it to condense.
The enormous volume of water required in this 
cooling process has already been outlined and there is 
a need for alternative cheaper supplies, both to conserve 
raw water sources and to, keep generation costs to a 
minimum. However., such supplies are not readily available 
though one possible solution to this problem could be 
the use of water of a poorer quality, such as treated 
sewage effluent.
Cooling water systems can be divided into two types 
(Fig.. 3):-
(i) Direct cooled systems. This type of system is 
commonly found at coastal power stations where the volume 
of water available is virtually unlimited. It is a once 
through system,., water is abstracted from an adjacent
estuary or the sea, pumped through the condenser tubes
FIGURE 5. POWER STATION COOLING SYSTEMS
a) Direct cooling system
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and then returned to source some 8 to 10°C warmer* The 
positioning of the intake and outfall is such that any 
recirculation of the warm water through the power station 
is kept to a minimum.
(ii) Recirculating cooling systems. Where the volume 
of water available for cooling purposes is limited, for 
example at inland sites, the warm water from the condensers 
passes through _cooling towers- In the cooling towers the 
water temperature falls by 5 to 7° C. enabling it to be 
recirculated back to the condensers.
1..1 The cooling tower and its associated problems
As outlined above the function of a cooling tower at 
a power station is to dispose of the heat gained by the 
cooling water during its passage through the condenser.
Two processes are involved, both as a result of the fact 
that the cooling tower brings large volumes of warm water 
into contact with cold air.
(i) About one third of the heat lost is as sensible 
heat by direct conduction to the surrounding cold air.
(ii) The remaining two thirds of the heat lost is
as the latent heat of evaporation, some 1% of the cooling 
water volume being evaporated from the water surfaces
CONCRETE SHELL
MIST ELIMINATORS
PACKING
FIGURE 4. SECTION AMD ELEVATION OF A TYPICAL COOLING TOWER
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within the cooling tower.
It can be seen that the proportion of heat lost by 
each of these processes will tend to vary on a seasonal 
basis, in winter the temperature of the surrounding air 
will be lower and heat loss by conduction will increase 
whilst evaporation will decreases, and vice versa in summer 
as the air becomes warmer.
A typical power station cooling tower (Fig. A) takes
%
the form of a reinforced concrete shell supported on columns 
which provide an air inlet around the bottom of the tower. 
The hyperboida! shape of the tower has been arrived at 
for a number of reasons. Air warmed as a result of contact 
with the warm water in the tower rises, the inward velocity 
of the air flow beneath the bottom of the shell causes 
this rising air to form a cone shape. To build a cylindrical 
shell would result in the space outside the cone of rising 
air being wasted. The same thermodynamic performance could 
therefore be obtained using a conical shell, provided that 
its diameter was not less than that of the rising air at 
the same height► A conical shell has the additional advan­
tages of being mechanically stronger and attracting a 
lower wind loading than the cylindrical form. Further 
strengthening of the structure can be achieved by curving 
the shell outwards for a small height above the apex of 
the cone of air. Some early towers were in fact constructed
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in the form of two cones joined at the throat of the 
tower by a cylinder* However, this type has now-beer 
superceded by the familiar hyperboidal shape which ir the 
opinion, of many people is more aesthetically pleasing-* .
This shape is also a stronger design and thus allows 
the use of thinner walls in the shell, giving a considerable 
saving in the amount of concrete necessary for its construc­
tion ( Jones, 197? )•
For the most part the concrete shell is empty, serving 
as a chimney to maximise the upward air flow* The bottom 
6 - 8  metres of the shell, however, contains the packing 
and its associated pipework. The packing’s function is to 
break up the flow of water in the cooling tower*
The warm water is usually introduced into the tower 
at the centre.of the packing, from here a system of 
distribution pipes run radially above the packing with 
spray heads/nozzles.at intervals along them* These 
ensure that the warm water is uniformly distributed 
over the surface of the packing. The tower packing is 
normally one of two types (Fig^ 5):-
(i) Splash packing taking the form of closely 
spaced timber laths, designed to break up the water 
flow into small droplets during its descent through 
the tower.
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(ii) Film flow packing consisting of closely spaced 
corrugated asbestos cement sheets which cause the water 
to form a thin film as it flows over them.
In each type, the result of water flow over the 
packing is to produce an increase in the surface area of 
water presented to the rising air, ensuring optimum cooling.
In addition to the packing and its water distribution 
system, the tower contains a mist eliminator. This is a 
layer of wooden laths arranged in the form of a louvre 
some 3 metres above the packing and its distribution system. 
Its function is to prevent small droplets formed as the 
water rains down on the packing being carried up and out 
of the tower on the column of rising air and causing a 
nuisance to residents in the area by falling as rain.
During its passage through the packing, the water loses 
heat to the air flow, as previously outlined, by conduction 
and due to the latent heat of evaporation. Evaporative 
losses during the cooling process are of the order of 1% 
of the total cooling water volume. This concentration 
effect can give rise to a serious operational problem as 
the dissolved solids concentration may increase to such 
an extent that under certain conditions precipitation 
of the least soluble species will occur.
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The compounds giving rise to this type of problem 
are calcium phosphate and, less commonly, calcium carb­
onate* Each of these compounds is sparingly soluble in 
water, the concentration in solution being governed by 
its solubility product. If this value is exceeded the 
excess spontaneously precipitates. In each case the 
precipitate, formed tends to accumulate, as a hard scale 
(calcium carbonate) or a softer sludge like deposit 
(calcium phosphate), in the condenser tubes because of 
the marked inverse temperature dependance of the solubility. 
A 10°C rise in temperature reduces the concentration of 
calcium phosphate needed to exceed' its solubility product 
by a factor of 500 (at constant pH). The condenser tubes 
being the heat exchange surfaces are the hottest sites 
in the system and so the precipitate forms on them.
The scales have the effect of reducing the heat 
transfer rates, causing the efficiency of the turbo alt­
ernator to fall and generating costs to rise. 7/illett (1977) 
estimates that the loss in efficiency of a 2000MW power 
station, as a result of condenser scaling, could increase 
costs by as much as £IM per annum.
The spontaneous precipitation of calcium phosphate 
is accelerated by increasing pH and increasing concentration 
of calcium and phosphate ions (Humphris, 1977). In a re­
circulating cooling water system these factors are governed
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by:-
(i) The heat load on the system, since the higher 
the heat load the greater the evaporation from the cooling 
towers. This results in the concentration of dissolved 
spec-ies in the system increasing until the point is reached 
when the solubility product is exceeded and precipitation 
occurs.
(ii) The displacement of acidic dissolved carbon 
dioxide by air stripping during the water*s passage over 
the cooling tower packing. This causes the pH of the system 
to rise, resulting in precipitation of the .calcium'phosphate.
The formation of calcium carbonate scales are favoured 
by similar conditions but as stated earlier problems due 
to carbonate scaling are less common.
The problem of condenser tube scaling is one which 
has worsened over the years. Initially it was recognised 
as a seasonal problem, with scaling often occuring in the 
drier summer months when low flows in the rivers from which 
cooling water was abstracted caused the dissolved solids 
concentration in the make up water to rise. This factor, 
together with the usual carbon dioxide stripping and the 
further concentration of dissolved solids by evaporation 
was often sufficient to bring about condenser scaling.
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However,, in: recent years the incidence of condenser scaling 
has increased (Kingerley and Rantell, 1976) due to the 
increasing phosphate level in rivers in this country*
This has been due to the increased use of detergents, both 
in industry and the household, and to the widespread use 
of high phosphate fertilisers in agriculture. It is 
essential, therefore, to develop a practical and economical 
method whereby condenser scales can be prevented or removed.
The methods available for the removal and prevention 
of condenser scaling are as follows: -
(i) The phosphate concentration in the circulating 
water can be prevented from, reaching the level at which 
precipitation occurs, quite simply, by increasing the 
amount of fresh make up water to the system* The volume 
is maintained by a corresponding increase in the volume
of water purged from the system* In this way the concentration 
effect of evaporative cooling- can be balanced out. However, 
as Humphris (1977) paints out, the limited capacity of 
make up pumps and the limited volume of fresh water avail­
able for make up purposes can make this method impractical 
in many situations..
(ii) A physical method of scale prevention, under 
investigation at the present time, is the Taprogge system.
This involves putting rubber balls into the condenser so
14
that they are repeatedly forced through the tubes by the 
water flow. The diameter of the balls is similar to that 
of the tubes so that any scale is removed by abrasion, the 
abrasive effect can be improved by giving the rubber balls 
an. abrasive coating.
Although this system has been used with some success 
for the removal of silt deposits and biofilms, its effect­
iveness in the removal of scales, which may be more firmly 
attached to the wall of the tubes, is not yet certain.
•Ciii) Chemical methods of scale prevention fall into 
two groups.
(a) Chemical pre-conditioning of the circulating 
water with proprietary scale inhibitors.
(b) The pH of the circulating water can. be regulated
by acid dosing- As stated earlier phosphate ion. concentration 
increases with pH, by lowering the pH by acid dosing the 
concentration can be kept low enough to prevent precip­
itation. Acid dosing is usually carried out using sulphuric 
acid because of its relative cheapness, although other 
acids have been, used eg. hydrochloric acid and chlorine 
dosing.
Acid dosing works very well, with scaling rates being
15
reduced by as much as 98?&. Disadvantages do arise 
however, a high capital cost is involved as a result of 
the need for special storage, dosing and monitoring equip­
ment since a close check must be kept on the highly corro­
sive acids to prevent leakages or escape to the receiving 
watercourse where it could cause severe damage to the 
environment- In addition sulphuric acid/sulphates will 
attack and corrode both metallic and concrete elements 
of the cooling system, this may result in premature 
failure and necessitate increased outlay on maintenance.
(iv) Acids can also be used for the removal of scale
from condenser tubes. These acid washing programmes are
carried out either during complete or partial shut down 
of the turbo alternators. Again care is necessary to 
minimise corrosion, of the brass tubes.
(v) Scale removal can also be achieved by mechanical 
methods such as bulleting - forcing rubber, nylon or 
twisted wire bullets through each condenser tube using 
compressed air, or high pressure water jetting (9000 psi) ♦ 
Both methods involve treating each tube individually and 
with a condenser containing several thousand tubes the 
process becomes very time consuming. In.addition they
can only be carried out when the power station is shut 
down.
Condenser tube scaling became a particular problem 
at the Croydon B power station in the early fifties, and
j
a novel way of dealing with the problem was devised.
Croydon B power station was commissioned in December 
1950, the station was coal fired with an installed 
generating capacity of 210MW comprising four turbo 
alternators each of 52.5MW* The station was designed with 
a recirculating cooling system and six hyperbolic cooling 
towers with wooden splash packings. Its siting near 
to Croydon meant that there was no large river close by 
from which cooling water could be abstracted* However, 
as Beddington sewage treatment works occupied a neigh­
bouring site, it was decided that the treated sewage 
effluent from this works would be used as the sole source 
of cooling water.
This decision gave rise to a serious problem of rapid 
and persistant scaling of the condenser tubes. This was 
due to the fact that treated sewage effluent has a higher 
concentration of phosphate than river water. The concentra­
tion effect of evaporative cooling was such that the 
phosphate concentration quickly exceeded its solubility 
product and a phosphate scale formed in the condensers.
The problem was compounded by the fact that the limited 
volume of treated sewage effluent available for cooling 
purposes meant that the rise in the phosphate level could
not be limited by increased make up and purging of the 
system. Tests were carried out with alternative methods 
of scale prevention such as dosing the make up water with 
line to raise its pH, causing the phosphate to precipitat 
the precipitate then being removed by sedimentation or 
filtration. These measures were not completely successful 
however, and the station continued to be shut down at 
regular intervals whilst the condensers were acid washed 
or bulleted.
This situation remained until 1957> when pH control 
was introduced as a means of preventing scale formation. 
Initially this was carried out by the addition of hydro­
chloric acid* but this was soon replaced with, chlorine 
dosing, for reasons of both cost and ease of use. The 
station was already using chlorine in the cooling system 
to prevent biofouling and also to minimise any health 
hazards to the work force which may have resulted from 
the use of sewage effluent.
The chlorination rate was thus increased and main­
tained until the pH of the cooling water fell to 6.8, the 
chlorination rate was then adjusted to keep the pH of 
the system constant at this level. This method of pH 
control was found to be entirely successful in the 
prevention of scale formation but the costs, some £12,000 
per annum of chlorine (Humphris, 1977) were enough to
offset the savings resulting from the improved heat 
transfer*
At about this time, the process of nitrification 
was brought to the attention- of the station chemist at 
Croydon, Mr. T. H. Humphris, and he became particularly 
interested in the pR reduction which accompanied the 
oxidation of ammonium salts. As a result of this interest 
he obtained permission to carry out a trial at the- Croydon 
power station to investigate whether pH control could be 
achieved, in the cooling: system and condenser tube scaling 
prevented by nitrifying bacteria.
Therefore, in I960, a programme was set up at the 
power station which was designed to encourage the develop­
ment of a population of nitrifying bacteria in the cooling 
water system* The first stage was to dispense with the 
regular chlorination programme to enable the bacteria 
to survive and grow in the system. Since chlorination was 
the means of pH control this action would have had the 
additional and undesirable effect of allowing phosphate 
scale to develop in the condensers*. In an attempt to 
combat this, make up and purge to the system were increased 
to balance out the evaporative effect on the dissolved 
solids concentration* Ammonia dosing of the system was 
unnecessary since it was present in the incoming treated 
sewage effluent, which at that time was poorly nitrified.
There then followed a period of time during which 
it was assumed that the nitrifier population was building 
up, after about four weeks the ammonia concentration in 
the circulating water decreased whilst the nitrite con­
centration increased, indicating that the first stage of 
nitrification was proceeding. The ammonia concentration 
continued to decrease with increasing nitrite until the 
seventh week, the nitrite concentration was then observed 
to fall rapidly and nitrate concentration increased as 
complete nitrification was achieved.
%
Over the weeks that followed the system was dosed 
with ammonium salts and the pH varied between 6*5 and 
8.0 with an average value of 7*5 and it was found necessary 
to add hydrochloric acid on a number of occasions to 
prevent scaling* As the station load increased, under 
these conditions, a gradual deterioration in condenser 
performance followed. As the limited purging facilities 
meant that this could not "be, countered by dilution, the 
system was dosed with increased amounts of ammonium salt. 
This brought about a rapid fall in the pH to 7*0 and a 
restoration of condenser performance establishing the 
nitrification process as a practical means of pH control 
in the cooling system.
Although phosphate scaling of the condenser tubes 
could be satisfactorily controlled it was noticed that
there was a smaller but still significant reduction in
condenser efficiency.. This was found to be due to the
formation of a thin organic film on the condenser tube
walls. However, removal of this film proved to be a simple
matter of allowing the condensers to dry, this caused the
film to dry and flake, with normal water flows this could
be washed out and condenser performance restored to its
design value* As it was found that this process could be
satisfactorily carried out during an overnight shut down
there was no loss of generating capacity.
*
Initially the source of ammonia for the process was 
largely contained in the incoming sewage effluent , although 
during periods of high load this was supplemented by the 
addition O'f ammonium sulphate. However, in the mid 1960fs 
a new sewage treatment works was commissioned at Beddington 
and this has resulted in a reduction in the ammonia concen­
tration in the incoming effluent due to more efficient 
nitrification in the treatment process. The cooling water 
system thus required continuous dosing with ammonium . 
sulphate and this has added significantly to the costs 
of the pH control operation at Croydon power station..
The use of nitrification was used to control the 
cooling water pH with great success for twenty years* Apart 
from the extra cost resulting from the need to purchase 
stacks of ammonium sulphate, few, if any, problems were
encountered. The system was still in use when Croydon 
B power station was finally shut down in late 1980. 
Presumably as a result of the reluctance of other CEGB 
power stations to use the system, in spite of the success 
at Croydon, little research, was carried out to determine 
how the various physical and chemical: factors present in 
a power station cooling; system affected the process.
However, in the late seventies considerable interest 
was shown within the CE6B in methods of recovering some 
of the reject heat from the generating process. As it was 
known that nitrification was dependant on temperature it 
was felt that encouraging the process in power station 
cooling systems together with the possible combination 
of power station/ sewage treatment works operations could 
recover some of the reject heat and provide mutual benefits 
to each operation.
The high temperatures encountered throughout the year 
in the cooling system maintains the efficiency of the 
nitrification process. This would enable the effluent . 
to be nitrified in the cooling system allowing an increase 
in the capacity of the treatment works due to this reduction 
in loading. At the same time,. pH control could be achieved 
in the cooling system at little cost and condenser tube 
scaling prevented.
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The benefits from a system of this type could 
produce considerable savings in both treatment and 
generating costs. V/here combined operations are not 
practical, as in cases where power station and treatment 
works are widely separated, the warm water could be used 
to encourage nitrification and treat high ammonia effluents. 
The savings in generating costs enabling the treatment 
costs to he kept to a minimum making it economical to 
tanker in effluents from surrounding areas.
Therefore, this project was set up to investigate 
the effect of physical and chemical factors on nitrification 
in cooling" towers to determine the feasibility of the type 
of system outlined above. The project was based at Croydon 
E power station where test rig facilities were available.
The site at Croydon had the additional benefit of enabling 
work to be carried out on an operational power station 
where nitrification was known to occur. However, such 
work was not without its difficulties, Croydon B power 
station was a relatively low merit station being towards 
the end of its life.. As a result, periods when the station 
was on load were few and far between and the opportunities 
for study limited..
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2. A REVIEW OF:THE EXISTING KNOWLEDGE.'OP NITRIFICATION
nitrification/is. the process by which nitrogen 
compounds are transformed from a reduced to a more oxidised 
state*. That this is a biological process and not a chemical 
reaction has long been established (Schloesing and Muntz,
187?) Warington (1884) confirmed this and in addition 
discovered that it was a two stage sequential process of 
ammonia to nitrite to nitrate* Winogradsky (1890) using 
soil perfusion columns was able to isolate two groups of 
chemoautotrophic bacteria which were responsible for the 
transformation* The first group oxidised ammonia to nitrite, 
the second nitrite to nitrate* To these he gave the generic 
names Nitrosomonas and Hitrobacter respectively.
However, nitrification is not only carried out by 
autotrophic organisms* a variety of heterotrophs eg* Arthro- 
bacter so*. Pseudomonas sp* and Aspergillus sp* can oxidise 
nitrogen compounds. It has yet to be conclusively demonstrated, 
however,, that any of these heterotrophic nitrifiers contribute 
significantly to nitrification in natural systems. A compar­
ison of nitrification rates by heterotrophs and autotrophs 
shows that the autotrophs are the more efficient (Table 1).
Schmidt (1978) reports that at the present time only
TABLE 1 NITRIFICATION RATES OF HETEROTROPHIC AND
AUT0TR0P5IC NITRIFYING BACTERIA
Organism Substrate Product Rate of formation
(ug N/day/g dry cells)
Arthrobacter sp NH^* + NH^OH
succinate Nitrite 
Nitrate
12 (1)
375
250
Arthrobacter sp NH^ + 
acetate
NHzOH
Nitrite
Nitrate
4500
9000
6.50
(2)
Aspergillus/
flavus
NH. + +
4
sucrose
3 nitro- 
propionic 
acid 
Nitrate
1400
1350
(3)
Nitrosomonas sp NH.^ + Nitrite 1-30 x 10 (4)
Nitrobacter sp NO Nitrate 5-70 x 10
(i; Gunner (1963)
(2) Verstraete and Alexander (1972)
(3). Doxtader and Alexander (1966)
(4) Painter (1970), Wong-Chong and Loehr (1975)
members of the autotrophic "classical" nitrifier groups 
have been directly implicated in nitrification in natural 
environments* As previously described, the classical 
nitrifiers are the genera Nitrosomonas and Nitrobacter 
discovered in 1890* These two genera have long been re­
garded as an oversimplification of the situation and 
Winogradsky himself, in a review of the subject written 
in collaboration with his daughter* named, and described 
the habitats of a number of other genera of nitrifiers 
(Winogradsky and Winogradsky, 1933)* The extent of the 
diversity of the autotrophic nitrifiers has been the 
subject of some argument with these "new" genera being 
dismissed, either as contaminants or as being too poorly 
described (Meiklejohn, 1954* Bisset and Grace, 1954)^ 
Walker (1978), in work beginning around I960, however, 
succeeded in isolating a number of different genera of 
nitrifiers. Many of the objections were considered by 
Watson (1974) in the 8th. edition of Bergey's Manual of 
Determinative Microbiology in which the family Nitro- 
bacteraceae is listed as including seven genera. Of 
these four genera and five species oxidise ammonia to 
nitrite, and three genera and three species oxidise nitrite 
to nitrate. To this list it has become possible to add the 
newly reported ammonia oxidisers Nitrosovibrio tenuis gen. 
nov. (Harms, Koops and Wehrmann, 1976a) and Nitrosococcus 
mobilis (Harms, Koops and Wehrmann, 1976b) (Table Z )•
CD
OX
o
W
ftK
O
g
o O -H r- 1
£ X •rH 0' >5
-p O•H tocd rHrH CQ
Pi SH 0 rH cd 0
o
CD
X
•rH
rH
X
X •rH
X
PJ
0
0) X Pi X S3 Pi Pi
pj •H 0 O PS cd X  •
o X ft a O f t  a 0 •
O X 0 X
X a X • « o CQ a Hx p! X 0 •rH rH o ©
X o X X Pi rH X  to
£ PS cd X 0 >5 0 ©
Pi X O O H *
CD SH 0 © X SH «H •rH 0
i—i O rH  rH © 0 O X rH
•H •H  *rH X f t •H  X  CO O  H-P cd X  X X 3 a 0O H O O Pi <H ft x  o to
S H S 0 O o Pi 0 X • « 0
CD PJ O CQ O CQ H
,« to .« o CQ x a •rH *H O «H
CO cd X  PJ Pi X O H  Ih *-H
X r -1 0 •d 3 0 0 0 X <h CQo «H ft Pi CO X rH i—1 ’X  *rH X 3
Pi cd O ft •rH ft PJ Pi •rH O
SH X Pi X 0 0 > X
X cd CQ cd PJ O O a f t o
X pH rH ♦H S Pi X Pi X60 O H  H © PJ 0 Pi 0 © Pi
•H f t Cd 0 •rH rH O rH 0 i—1 X  X
0 Pi 60 O to PJ P* f t - H PJ •H
Sh X •rH Cd O PJ X a x 0 Pi
-p P* ft rH O •H Pi o o o rH 002 CO 02 X O CQ O X o a 02 ft
a
Pi CQ
0 0
rH 0  X
O © ft
ft PJ o 
0 X
0 Pi >5
X X  O
to 0 a
PJ X © pj
X •rH a x
X o
o jo w
X a >> Pi
X  © pj o o
•rH X o
s£ X pj X  X
X X  ©
© o • n X  PJx  a CQ ■s
X  PJ X X
X  o O CQ ©
O PJ Pi X  Xa X  o
Pi Pi 0  PJ
O 0 O 0
CQ X Pix  s PJ X  X
O 3 0 0
Pi X X o to
X CQ •rH PJ
X  0 Pi X
Pi tO to © a
O 0 P! X  Pi
X  X O f t  O
02 ,X X 02 X
E-t
<J
eh
X
§
a
X I
O X
0 pj IQ
PJ 0
X Pi X Pi
Pi © X X
0 X Xa 0 £ PJ
X 0 0
X Pi PS PS
i—i CQ X s? O X X  X X
X 0 X o x Pi Pi X X
o Pi o Pi 0 0 0 O o
02 X 02 to ? g g  02 02
•HoCP
I
XI
CO
0
SH«w
0 ©
«* Pi PS PS
X  0 X •rH
X  X SH Pi
O 0 0 0
02 £ g g
CP
H
X
Opq
ft
02
CQ
X
a
0 CQ CQ Pi
© X 3 CQ CQ O
CQ0 CQ CQ p! X X
ft PJ O PJ X X •rHo 0 Pi 0  X X PS
Pi X X 0  x X PJ
PS SH X o o pj ©
0 X  . PJ o a a X
X o
>> •5
X  X
0 CQ
X X 0 CQ
0 CQ f t - X CQ
SH 0 >> rH X
to 0 X •rH rH
O X o O X
PJ Pi 0 X
X  x © Pi o
£ 0 0 to a
02
£3
a
WCD
02
ft
pq
02-
M
«
X
X
O
<3
Xts-
goj
CQ
cd
PJ
o
ao
CQ
O
Sh
X
X
a
0
SH
CQ
PJ
O
CQ
PS
o
X
Pi
02
f t
pq
02
X
Q
X SH
0
CQ
•rH o X X XS 0 PS
ft o o X o X Sh O
CQ o X > O •rH O
O o O a pq 0 ft O
CQ CQ CQ CQ EH X CQ O
O O O o X o O o
Pi Pi Pi Pi ft Pi Pi Pi
X X X X EH X X X
X X •rH X X X X X
a a a a a a a a
27
TA
BL
E 
2.
 
TH
E 
AU
TO
TR
OP
HI
C 
N
I
TR
IF
I
ER
S
The family Nitrobacteraceae are all gram-negative 
aerobic bacteria and with the exception of the nitrite 
oxidiser Nitrobacter agilis are obligate chemoautotrophs 
using carbon dioxide as their sole carbon source* Nitro- 
bacter agilis. however, has been, reported (Smith and Hoare, 
1968 and Bock, 1978) as growing mixotrophically and in an 
acetate-casein hydrolysate medium chemo-organotrophically, 
although Bock (1978) states that such organotrophic growth 
is slower than, autotrophic growth ( 90 hour doubling time 
as against 20 hour in autotrophic medium.)
As shown in Table 2, the Nitrobacteraceae are widely 
distributed in a variety of habitats.. Since Nitrosomonas 
and Nitrobacter are the most commonly isolated genera they 
have been assumed to be the most common and are often 
referred to as ’’primary nitrifiers”, the other genera 
consequently being classified as ’’secondary nitrifiers”. 
However, Belser and Schmidt (1978) working with ammonia 
oxidisers have shown that the primary nitrifiers are not 
as predominant as first thought, and have succeeded in 
isolating multiple genera from each soil sample they 
examined. They then went on to say that Nitrosomonas, 
whilst not necessarily being the most numerous, can out 
compete other genera in liquid media and will thus tend 
to be isolated from enrichments rather than the others. 
Although Nitrosomonas does appear to be the major genus 
in. sewage effluent/ manured agricultural land (Belser and
Schmidt,- 1978 and Walker, 1978) and possibly: in other 
aquatic environments (Watson, 197^ f) •
Of the other genera, Walker (1978) has suggested 
that Nitro solo bus may be the most common in agricultural 
soils, the same worker has also isolated Nitrosospira 
from this type of environment. Belser and Schmidt (1978), 
however, have reported only low numbers of Nitrosolobus 
in the soil samples they examined whilst Nitrosospira and 
Nitrosomonas were often well represented in these samples, 
in. approximately equal numbers#
Nitrite oxidisers are much less complex, with Nitro­
bacter being the dominant genus in terrestrial and fresh­
water habitats, the other recognised genera being exclusively 
marine farms (Watson, 1974) „
In view of the diversity of environments in which 
nitrification occurs and which are presumably occupied 
by nitrifiers, it is perhaps surprising that the list 
of nitrifying organisms is so short. However, it is 
possible that this is a result of the difficulties 
involved in the microbiology of the nitrifiers. For 
example the isolation of nitrifiers by direct plating 
onto selective media is virtually impossible due to the 
introduction of organic materials in the inoculum, 
enabling the growth of faster growing heterotrophic
contaminating organisms. Indeed, the extremely slow 
growth rates of the nitrifiers, with doubling times 
ranging from 8 - 3 6  hours for Nitrosomonas and 12 - 
59 hours for Nitrobacter (Sharma and Ahlert, 1977) 
mean that contamination by faster growing organisms is 
a problem and isolation of the nitrifiers requires the 
use of careful serial enrichment cultures. These problems 
have resulted in the plating and isolation techniques 
that are available (Soriano and Walker, 1968, 1973) 
gaining little popularity.
As a result of this the methods available for 
estimating population densities are often very unsatis­
factory. A direct method involving membrane filtration 
has been put forward (Finstein, 1968), but the more 
usual method is to use the Most Probable Number method. 
This method, however, has a number of drawbacks, notably:-
(i) It has a large statistical uncertainty (Alexander
1965).
(ii) It requires long incubation periods to obtain 
optimum results - incubation times of over three months 
have been suggested for Nitrobacter (Matulewich, Strom 
and Finstein, 1975)•
(iii) The growth conditions do not always accurately
represent the natural environment.
Thus the knowledge of the diversity and population 
densities of the nitrifiers is limited, although current 
interest in fluorescent antibody techniques as a method 
of investigating both the diversity (Fliermans, Bohlool 
and Schmidt, 197*f* Schmidt, 1978) and the enumeration of 
the nitrifiers (Rennie and Schmidt, 1977* Belser and 
Schmidt, 1978) may reveal much new information relating 
to the nitrifiers and nitrification.
2»1 The nitrification reaction
The overall nitrification reaction may be conveniently 
represented by the equations
HH.+ + 1.502 — c- 2H+ + H20 + N02" 1.
N02" + 0.502 — '»- NO ” 2.
with. each-.stage yielding energy.
This is in fact a great simplification and although 
work on the intermediates and enzyme systems involved has 
again been restricted, due to the difficulties in producing 
sufficient yields of cells to enable their isolation and 
study. A considerable amount of work on the nitrification
reaction has been carried out.
Lees (1954) has suggested that reaction 1 above 
should take place in three stages and a number of workers 
have supplied evidence that the first stage is the form­
ation of hydroxylamine as a result of experiments using 
selective inhibitors such, as hydrazine (inhibits the 
formation of hydroxylamine) and thiourea or allylthiourea 
(inhibit'ammonia oxidation but not hydroxylamine oxidation), 
(Lees, 1952, Engel and Alexander, 1958 and 1959* Hooper 
and Terry, 1973)• Hofman and Lees (1953) showed that 
hydroxylamine accumulated wheiL hydrazine was added and 
Nicholas and Jones (I960) successfully isolated an enzyme 
system, from Nitro somonas which oxidised hydroxylamine to 
nitrite* In view of this evidence, reaction 1 is more 
accurately represented as:-
NH^+ + 0*5Q2 NB^OH. + K+ ? -o N02“
Yoshida and Alexander (1964)* however, disputed this 
by showing that hydroxylamine was formed only in the 
presence of hydrazine, and in small amounts only.
Suzuki and Kwok (1969) found that the ability of 
Nitrosomonas spheroplasts to oxidise ammonia was restored 
by hydroxylamine, suggesting that ammonia and hydroxylamine 
oxidations are linked* However, as yet no enzyme system
capable of oxidising ammonia has been isolated, due 
possibly to any such enzyme being closely associated 
with, the cell wall, where Lees (i960) suggested that 
ammonium ions unable to pass through are converted to 
uncharged, hydroxylamine, which can then pass through*.
Suggestions as to the identity of the second 
intermediate in reaction 1 vary, with compounds such 
as hyponitrite, dihydroxy ammonia, nitroxyl and nitro­
lly droxylamine having been suggested*. However, with none 
of these having been detected in growing cultures the 
evidence is incomplete (Painter, 1970).
As yet, no intermediates have been identified in 
reaction 2, but an enzyme system for the oxidation of 
nitrite has been isolated (Aleem and Alexander, 1958) 
and the process has been described by Aleem and Nason 
(1963) as a series of enzymatic steps transferring 
electrons from nitrite to oxygen.
2*2 Factors affecting:; the. nitrification reaction
In considering the use of cooling towers as sites 
for nitrification it is essential that the effects of 
the relevant physical and chemical factors upon the process 
are known in order to maintain an economical method of 
water treatment*. In attempting to summarise the work of
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various researchers into the effect of physical and 
chemical parameters on nitrifiers and nitrification, 
it becomes clear that much of the work has been directed 
at nitrification in the more usual waste water treatment 
systems and the relationship between these and cooling 
towers is uncertain. Such a summary, however, should 
prove extremely useful in deciding which factors might 
have an important effect on nitrification in cooling 
towers, and thus merit further study.
Dissolved oxygen
As both types of nitrifying organisms are strict 
aerobes dissolved oxygen concentrations will obviously 
have a great effect on the reaction.
Wezernak and Gannon (196?) showed, using a series 
of BOD bottle type studies,, that the nitrification reaction 
requires oxygen as follows:-
Img. NH^-N — c*« NO^-N requires 3*22mg. oxygen
lmg. NO^-N — !>• NO^-N requires l.llmg. oxy'gen
These values are slightly less than the theoretical 
stoichiometric quantities of 3*^3ntg* and l.lifmg. per mg. 
NH^-N and respectively reported by Bonazzi (1923)
and Jeffrey and Morgan (1959). This is probably as a 
result of the production of a small amount of oxygen 
being produced during the synthesis of protoplasm.
Work on the effects of dissolved oxygen concentrations 
has centred largely on suspended growth systems since 
attached growth systems are subject to a greater degree 
of diffusion limitation. This can result in the oxygen 
concentration in the nitrifying film being significantly 
less than that of the surrounding water (Sanders, Bungay 
and Whalen, 1971)•
Several different groups of workers have shown that
the growth limiting dissolved oxygen concentration is in
—1the range 1 - 3mg.l . (Table 3 ). Painter and Jones (1963.) 
showed that at concentrations of less than O.^nig.l oxygen 
uptake by nitrifiers, and therefore presumably nitrification, 
took place. Painter (1970) cites work produced by the 
British Ministry of Technology (1965) which showed that 
in a small scale plant the degree of nitrification at 
dissolved oxygen concentrations of 2, and 8mg.l~^ was 
the same.
The Environmental Protection Agency (1975) report' 
that some controversy exists as to the influence of 
dissolved oxygen concentrations on nitrification plant, 
some having been recorded as providing completely nitrified
TABLE 3. THE EFFECT OF DISSOLVED OXYGEN CONCENTRATION ON
D.O conc.
,-1mg 1
<.0.5 
0.5 -0.7
Below 2 
Below 4
Below 1-1 
2, k, 8.
Critical
Limiting
1
NITRIFIERS
Observation Method of 
observation
Ref.
0^ uptake occurs
Critical
Limiting for 
Nitrosomonas 
growth
Limiting for
Nitrobacter
growth
Limiting for 
growth
02 uptake 
measured by DME'
Activated
sludge
Batch culture 
using Thames 
estuary water, 
determination by 
model
Painter and 
Jones, 1963
Downing, Boon 
and Bayley,1966 
(cited in Huang, 
1973)
Knowles, Downing 
and Barrett,
1965
Activated sludge Wuhrmann, 1968
Degree of Small scale
nitrification\sam.e plant 
rate about 10% 
lower at 2mgl~'1'
Brit. Min. of 
Te chnology,1965 
(cited in Painter 
1970)
- Minimum concentration necessary for nitrification 
to occur.
- Rate of nitrification concentration dependent 
below this value,
- Dropping mercury electrode
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effluents at levels as low as 0.5mg.l . However, this
does not mean that the rate of nitrification was 
unaffected at these levels, since provided that the 
retention time in the aeration phase was long enough 
complete nitrification can "be achieved even with reduced 
rates of nitrification*
Temperature
Buswell et al* (1954) reported^that the optimum 
growth temperature for Nitrosomonas was in the range 
30 - 36°C* with little, if any, growth at temperatures 
below Painter (1970) cites work by Nelson (1931) in
which he found that Nitrobacter grew at temperatures . 
between 8 and 28°C*., with the highest growth occurring 
at 28° C although higher temperatures were not investigated*
A recent review of work on the effect of temperature 
on nitrification (Environmental Protection Agency, 1975) 
showed considerable variation exists* However, there is 
good agreement as to the optimum temperature, which occurs 
in the range 29 - 35°C.
From an operational point of view, however, knowledge 
of the effect of temperature is often of limited value 
since it is possibly the most difficult parameter to 
control*. The maintenance of the temperature of a large
volume of water within the optimum range indicated above 
is usually not an economic proposition. Therefore, the 
water temperature in a treatment works varies with the 
ambient air temperature, although usually above it. This 
obviously results in increased rates of nitrification 
during the warmer summer months, and to maintain the 
same degree of treatment during both summer and winter 
when temperature control is uneconomical, requires, 
modifications in the use of the plant* These modifications 
could take the form of design changes such that the plant 
is designed on the basis of winter conditions. This then 
provides a certain amount of spare capacity during summer. 
Alternatively, methods of ammonia removal other than by 
biological nitrification could be employed during winter 
thus obviating the need for any spare capacity in the 
design of the plant.
pH value
Again, as for temperature, the literature on the 
effect of pH changes on nitrification shows considerable 
variation. However, there is also general agreement amongst 
researchers that the optimum value lies slightly in the 
alkaline range. Buswell et al. (1954) quotes 8 - 8.5 as 
the optimum for a pure culture of Nitrosomonas. Lees (1954) 
also working with pure cultures quoted optima of 8.3 - 8.6 
for Nitrosomonas and 7*2 - 8.2 for Nitrobacter. Similar
narrow ranges were recorded by Rimer and Woodward, 1972 
(8.4 - 8.5) and Loveless and Painter, 1968 (7*5 - 8.0). 
Other work has been published, however, which suggests 
a wider optimum pH range, Barritt (1933) gave a range of 
6-7 - 8.0 for pure cultures whilst Engel and Alexander 
(1958) gave 7-2 - 9*2.
The work on pH has been largely concentrated on the 
effect of short term changes of pH and there is a shortage 
of information, available regarding both the adaptability 
of nitrifiers to long term pH changes and the effect of 
pH on growth rates rather than the activity of nitrifiers.
Work on pH is subject to errors, Painter (1970) 
suggested that there were two sources of error when 
investigating the effect of pH on nitrifiers:-
(i) Localised hydrogen ion concentrations may cause 
pH differences between the bulk, culture and local values, 
even though, the culture pH may be controlled.
(ii) The process of nitrification itself causes a 
reduction in the pH, which in an unbuffered system will 
affect nitrifier activity. Where a buffered system is 
used to overcome this, the possibility exists that the 
anion may also affect activity.
The mechanism for the effect of pH on nitrifier 
activity has been, investigated by Anthonisen et al* (1976) he 
bases his hypothesis on the fact that both free ammonia 
and free nitrous acid inhibit nitrifiers due to their 
ability to. penetrate the cell wall and thus change the 
intracellular pH* Y/ith the ammonia - ammonium and nitrite - 
nitrous acid equilibria being dependent on pH, he was 
able to produce a chart which described the effect of 
pH on. nitrifiers on this basis* Other work, however, 
notably that of Suzuki et al*(.l97Zf) and 0 fKelley et al*
(1970) has indicated that free ammonia rather than ionised 
ammonia, and free nitrous acid rather than the nitrite ion 
were the substrates for Nitrosomonas and Nitrobacter 
respectively, contradicting the findings of Anthonisen.
Substrate concentration
Painter (1970) points out that both Nitrosomonas 
and Nitrobacter are sensitive to their own substrate and 
to a greater extent to that of each other*. However, Schwinn 
and Dickson (1972) have shown that the ammonia and nitrite 
ion concentrations, normally occurring in domestic waste 
waters (10 - 50mg*Sr l~^) do not fall within the inhibitory 
range*. Where more concentrated wastes are encountered, 
however, such as many industrial or agricultural v/astes, 
then substrate and product inhibition may occur*
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FIGURE 6. NITRIFICATION TOLERANCE GRAPE (DRAWN FROM
ANTHONISEN et al.lQ76).
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As indicated earlier, Anthonisen et al*. (1976) has stated 
that the degree of inhibition is a factor of the free 
ammonia/ammonium ion and the nitrite/free nitrous acid 
equilibria (Figure 6). This point of view has been 
supported to some extent by other workers who have shown 
that the concentrations of free ammonia and free nitrous 
acid do affect the degree of inhibition of nitrification.
Table k outlines some of the published work on the 
effects oi substrate concentrations on the nitrification 
process.
Inhibition of nitrification
The extent to which any substance acts as an inhibitor 
is dependant on several factors* In the case of nitrification 
•these aret- . .
a) Whether the system is a pure culture or not* The 
presence of other microorganisms which can metabolise the 
compound under investigation may convert an inhibitory 
substance into a non inhibitory metabolite, or conversely 
convert a non inhibitory compound into an inhibitory 
metabolite.
b) The concentration and time of exposure to the 
potential inhibitor.
U2
TABLE 44 THE EFFECTS OF SUBSTRATE CONCENTRATIONS ON THE
NITRIFICATION REACTION
Substrate 
concentration, 
mg 1~^ N*
Ammonia
2.5 - H O
26.4* 46*5 
Upto 10
100-1000
Nitrite
<10
2500
Observation
Ammonia oxidn* 
a; aero order 
reaction
W"
Rate of ammonia 
oxidn- a function 
of ammonia cone*
Ammonia oxidn., 
a zero order 
reaction
Method of study
Film reactor, 
mixed culture
Activated sludge, 
lab scale study
Submerged filter 
receiving preoxy­
genated waste
Lab scale batch 
studies using;
mixed culture
Ref,
Huang, 1973
Metcalf and 
Eddy* 1973
Kaug and' 
McCarty,1972
Wong-Chong 
and Laehr* 
1975
Limiting
Complete inhib­
ition of Nltro: 
somonas
Activated sludge Tomlinson, 
lab scale study Boon and
Trotman* 1966
Batch study,pure Lewis, 1959 
Nitrosomonas cul­
ture
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c) The presence of other compounds, Painter (1977) 
cites examples where the inhibition of nitrification by 
thiourea may be prevented by the presence of copper, 
similarly that due to mercaptobenzthiazole can be removed 
by mercury.
Many organic compounds have been shorn to be potent ' 
inhibitors of ammonia oxidation whilst having little effect 
on the oxidation of hydroxylamine by Nitrosomonas. Tomlinson, 
Boon and Trotman (1966) summarised the effects of a number 
of these compounds (see Table 3).
The observed inhibitory effects supposedly due to the 
effect of a high organic loading on a nitrifying system 
reported by Barritt (1933) and Downing et al.(1964) cited 
in Painter (1970) may in fact be due rather to the competition 
for available oxygen between heterotrophs and nitrifiers 
than to any direct inhibition.of the nitrification process.
Several workers have reported varying degrees of 
acclimatisation to inhibitory conditions. Haug and McCarty
(1972) reported that after ten days the ammonia oxidation 
rates at pH levels between 5«5 and 6.0 reached the same 
values as those observed between 7.0 and 8.3* Tomlinson 
et al.(l966) showed that acclimatised nitrifying sludges can 
cope with as much as ten times the concentration of- thiourea 
as unacclimatised sludges under the same conditions.
TABLE 5» THE EFFECT OF SOME COMPOUNDS ON THE ACTIVITY
OF NITRIFIEFS IN ACTIVATED SLUDGE (adapted 
from Tomlinson, Boon and Trotman, 1966)
. / . % oxidised nitrogen
produced in relation 
to control from:
Compound Molar cone * NK^ KH^OE NO2
5 d (
Thiourea IQ"5 4 72 95
Thioacetamide io_Zf 0 78 90
Dithiooxamide 5xlO~5 0 73 109
Sodium, methyl 
dithio carbamate 2xl0~5 a.5 100 96
Phenol 5x10 60 79 102
2.-5x10“^ 1 48 82
Cyanide 2xl0~5 58 6° 50
io-Zf 3 17-5 21
Aniline 2~5xl0~5 46 87 90
1*25x10"^ 12 79 90
Ethyl urethane 3«-3xlO ^ 3 87 90
1.65X10"1 0 15 52
There is also some suggestion in the literature 
that light can inhibit nitrifying bacteria. Warwick 
(1878, cited in. Meiklejohn, 1954) found that nitrification 
proceeded more.quickly in cultures placed in a dark' cupboard 
than those placed on an open bench.. Hooper and Terry
(1973) observed the complete inhibition of activity in 
Nitrosomonas by a 200 watt bulb-
For the successful and most economical operation of 
a nitrifying system, knowledge of the above factors 
together with the degree to which, they apply to the 
system in question is essential. The object of this study 
has been to investigate as far as possible, the extent to 
which these factors apply to a nitrification system based 
on a power station cooling tower, such that the feasibility 
of such a system might be determined.
Coaling water systems using cooling towers exhibit 
a number of similarities with conventional waste water 
treatment plants and in addition a number of features 
which could provide cooling tower systems with an oper­
ational advantage over the more conventional systems*
The process of evaporative cooling, during which the 
cooling water is sprayed over the tower packing provides 
a very effective method of ensuring that the water is 
fully aerated- Humphris (pers* comm.) has developed a
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term to show the reaeration of water passing through, 
a splash packing cooling tower as follows:-
Log D./D = k.F/V.te t o
where Dq = Oxygen deficiency at time zero 
Dj. = Oxygen deficiency at time t.
F » Flow rate over packings
V  = Volume of cooling system
t = Time
( Litre sec. 
(Litre) 
(Sec)
k  = A constant
The value of k  in this "term is governed by the 
design of the cooling tower. For a natural draught tower, 
where the air flow over the packing is solely as a result 
of warm air rising up the shell and. drawing cold air in 
around the tower base, then k is equal to about CU8 * 
However, for an. assisted draught cooling tower, where the 
air is forced over the packing by the use of large fans 
situated around the base of the to'-;er, the value of k 
rises to about 3 At the present time all CEGB power 
stations using recirculating cooling water systems use 
natural draught* cooling towers, although the Ince B 
power station, under construction, is to have a single 
assisted draught cooling tower.
The superior cooling performance expected from an
assisted draught tower will make them suitable for use 
in situations where the available volume of cooling water 
is low or where objections might be raised to the con­
struction o.f several cooling towers on aesthetic/limited 
space grounds*. Thus* several natural draught towers could 
be replaced with a single assisted draught tower with no 
loss of cooling performance*.
The excellent reaeration capability of both types of 
cooling tower would result in- dissolved oxygen levels in 
their associated cooling systems rarely being below 
saturation values*. Obviously this would be a considerable 
benefit were the system to be used to nitrify effluents, 
purpose built, aeration systems being unnecessary, or at 
least kept to a minimum*
Obviously, the process is designed to cool water, an 
average performance in a natural draught tower is a temp­
erature drop of some 5-7° C*. over the tower packing*. The 
temperature of water being supplied to the: tower is 
usually in the range 27-35° C*, as a result the temperature 
of the cooled water is still several degrees in excess of 
the ambient water temperature, particularly during the 
winter months* As conventional waste water treatment plants 
often produce poorly nitrified effluents during these months 
as a result, of low water temperatures limiting nitrifier 
activity, cooling towers could offer an increased degree
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of treatment during these months.
Power station coaling systems may have retention 
times of several days, as a result of their large volumes 
and comparatively small make up requirements* Again, this 
is of great value in ensuring the complete nitrification 
of any effluents which may be added to the system* The 
combination of the features outlined above forms the basis 
of what would appear to be an ideal system in which to 
promote biological oxidation. Indeed cooling towers have
%
been shown to be effective in the treatment of a range of 
industrial effluents* Efremov (1975)> Khimiya (1967) and 
Turskii (I960) have all reported the use of cooling towers 
for the treatment of effluents containing hydrogen sulphide, 
ammonia, phenols and cyanides*. However, when used in this 
manner problems can arise, Efremov (1975) reported that 
for every 30 tonnes of organic acids oxidised from the 
effluent about 15 tonnes will accumulate in the tower 
packing and condenser tubes as a biofilm, resulting in 
a reduction of their efficiency. Such problems can be 
reduced by employing regular cleaning programmes Efremov 
(1975) j. Gray et al. (1975)* Other problems encountered 
have been the corrosion of metal work due to the presence 
of corrosive elements in the effluents, Wykowski et al. 
(1978), whilst Puckorius (1978) reports the corrosion 
of both, metal and concrete components, as a result of 
microbial growth and attack* On the other hand, Humphris
(1977) in more than 25 years of using nitrification to 
control pH in a power station cooling system based on 
treated domestic sewage effluent, has encountered none 
of these problems.
5* METHODS AND HATERIALS
The major portion of the work on this project was
centred on laboratory scale and pilot scale rig studies.
In this way, the effect of the major relevant .factors on 
%
nitrification in cooling towers was determined. This 
programme of work was followed up with a study of a power 
station cooling system under operating conditions. The 
findings from this stage of the work were then set against 
those from the smaller scale work and an attempt made to 
describe the effects in the power station system in terms 
of the findings from the smaller scale experiments* It 
was necessary to follow this pattern, as a result of the 
strict, order of merit system of power generation, which 
the CEGB employ* In this system, the most efficient and 
cheapest stations to run are used to satisfy the demands 
for electricity. These stations are known as *base load1 
power stations and operate more or less continuously 
throughout the year apart from shut downs for routine 
maintenance. Under conditions when the demand for elec­
tricity is higher than usual less efficient power stations 
are brought on to load to supply the extra, in many cases
these low merit stations operate for only part of the 
day or for the least efficient plant are off load for weeks 
or even months at a time* This system ensures that the 
CEGB generates electricity as cheaply as possible, thus 
the economics of generation prevent a low merit order 
power station being brought on to load to be used for 
research purposes. As Croydon B power station was one of 
the boards older stations, it was possible to monitor the 
power station only under normal operating conditions.
3*1 Laboratory scale studies
The laboratory scale studies were carried out using 
a Messrs. L. H. Engineering Ltd. fermenter. This consisted 
of a 15 litre borosilicate glass culture vessel provided 
with facilities for pH and temperature control.
The pH control system was based on an SIL Model 91B 
pH control unit. This was linked to two small peristaltic 
pumps, one supplying dilute hydrochloric acid and the 
other sodium carbonate solution,, in this way the pH in 
the culture vessel could be maintained within limits of 
+ 0.1 units*
Temperature control was achieved using a Churchill 
thermocirculator unit, this pumped water at preset 
temperatures (+ 0.1° C.) through a stainless steel heating/
cooling coil in the culture vessel.
Both pH and temperature in.the culture vessel were 
continuously monitored and'recorded on a Kent Multelec 
recorder.
. Although an air pump was available on the fermenter, 
in view of its limited capacity, it was decided that 
aeration of the culture vessel would be achieved by air 
entrained by the stirring mechanism* This consisted of a 
four vane, belt driven stainless steel paddle with a 
variable speed motor.
3*2 Pilot- scale, rig-studies
A pilot scale cooling tower rig was made available 
at the Croydon B power station site* The rig was originally 
designed as a test rig to determine the performance of 
mist eliminators in the proposed assisted draught cooling 
tower at the Ince B power station under construction in 
Cheshire.
The rig takes the form of a complete miniature - cool­
ing system, with a pond, cooling tower and pump to circu­
late water from the pond over the cooling tower packing, 
see Figures 7 and 8*
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The pond was constructed with concrete walls to 
the following dimensions, 16.9m (length) x 1.3^m (width) x 
1.2m. (depth)* However, the depth of water in the pond was 
restricted to 1.07m by the lower end wall, producing a 
volume of approximately 2if000. litre. A 3in pumj> drew water 
direct from the Croydon power station cooling system to 
fill the pond and a wheel valve situated some 10cm from 
the “bottom-of the end wall served as the drain point.
Water in the pond was circulated over the cooling 
tower via a variable discharge lOin pump, the discharge 
was continuousliy variable up to a maximum flow rate of 
120 litre seef^ although the flow meter was calibrated 
over the range 10 - 120 litre sec .. Flow rates below 
10 litre sec were measured using the direct measurement 
of volume changes in the pond to calibrate the pump*
In addition to pumping water to the metal distribution 
trays above the cooling tower, the lOin pump had other 
functions* Two 3in mains from the discharge side of the 
pump, one to each end of the pond, together with the 
turbulence caused in the centre of the pond as a result 
of the pump*s suction ensured complete mixing of the pond*s 
contents. Water was also pumped to a constant head device 
on the discharge side, this then served as the feed for 
sample lines to equipment in the laboratory associated 
with the rig system (see diagram).
Figure 8. Cooling tower rig.
Figure 9. Water distribution system.
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Tiie distribution trays above the cooling tower were 
installed to produce an even distribution of water over 
the packing.. They consisted of shallow metal trays with 
a pattern of 3«18cm holes drilled in the floors (Figure 9)• 
Water from the pond was pumped up to the top of the tower, 
over a small lip and across the floor of the distribution 
tray raining down- onto the tower packing through the 
holes. The distribution trays were roofed with asbestos 
cement sheets to prevent any algal growth, whilst the 
cooling tower packing and areas of the pond surface not 
otherwise covered were covered with sheets of plywood.
The tower packing consisted of an untreated wooden 
lath splash packing corresponding to design type 56 C. This 
took the form of 3*8 x 1.9cm. slats placed at 10.2cm. 
centres with the rows separated vertically by 20.4-cm, each 
row offset by 3.1cm and a total of 15 rows making up the 
tower* A funnel situated below the bottom row of la.ths 
collected water to feed a sample line to equipment in the 
laboratory.
The various sample lines from the rig system provided 
for the continuous monitoring of pH and ammonia concentra­
tion above and below the tower packing, after supplying the 
monitoring equipment in the laboratory, the water flowed 
to a sump beneath the floor andh from there back to the 
rig pond via a, small pump whose operation was controlled
automatically by the level of water in the sump. Again, 
to prevent algal growths interfering with flow through 
the sample lines, these were all made of black rubber.
Electrical connections to the laboratory from 
resistance thermometers located in the rig pond, tower 
packing, distribution tray and the outer casing around 
the tower enabled the continuous monitoring of temperature 
at these points. In addition a dissolved oxygen electrode 
situated in the rig pond enabled continuous monitoring of 
the oxygen levels in the system.
All pieces of monitoring equipment in the laboratory 
were connected to chart recorders in the office so that 
a permanent record of conditions in the rig could be 
obtained.
The rig system had originally been designed as a 
test bed for measuring mist eliminator performance on an 
assisted draught cooling tower. As such, the physical and 
chemical conditions in the circulating water were of 
limited importance and the need for a number of improv- 
ments in the environmental control systems in the rig 
became apparent, as work, on nitrification was started. 
Temperature control in the rig was not possible, the 
energy required to maintain the temperature of such a 
large volume of water, in a system designed to' lose heat,
made this impractical on economic grounds. Therefore, 
water temperature in the rig system varied with ambient 
conditions. However, it was found that in the short term 
eg. over a period of 5 - 6 hours, temperature variation 
in the water body due to ambient changes were usually 
small* It was decided, therefore, that for work which 
required controlled temperatures, the experiments should 
last no longer than this*
Initially the rig had no facility for pH control, 
it seems this had resulted largely from the fact that 
the rig had originally been built with an asbestos-cement 
sheet film flow packing to correspond to that proposed in 
the assisted draught cooling tower to be built at the Ince 
B pov/er station* Presumably as a result of lime being 
leached from the asbestos-cement sheeting pH variations 
in the system were not a problem. However,, with the 
replacement of this packing with a wooden lath splash 
packing prior to the nitrification experiments, it quickly 
became apparent that pH variations v/ere a serious problem *
On filling the rig from the power station system the pH 
was usually in the range 7 - 7*2, with the onset of 
nitrification this would rapidly fall, on oo-c.asions to as 
low as 3*5 - 6, variations of this order were unacceptable.
As no pH: controllers were available to be used in the rig 
system, pH control was achieved by continuous dosing with 
sodium carbonate solution using an adjustable stroke metering
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pump. With, continuous monitoring of the system pH this 
method was found to be satisfactory enabling pH control 
to within + 0.1 limits.
5.3 Power, station cooling, .system studies
The facilities for this stage'of the work were
provided by the Croydon B power, station cooling system.
This system had a total volume of 75600 nr with eight
5 -1circulating pumps each with a discharge of 6850 nr hr 
the number of pumps in use depending on the station load 
and ambient conditions. The pumps circulate water from 
the condensers at approximately 27°C. to the six natural 
draught cooling towers, these have a treated wood splash 
packing constructed to design 56C specifications.
To monitor conditions in the cooling system a sampling 
point was installed at the exit side of the No.l set, 
condenser and the ammonia concentration of the circulating 
water could be continuously monitored and recorded. In 
addition the power station operating records were available 
to determine factors such, as pH* station loading and number 
of circulating pumps in operation, together with the times 
and quantities of ammonia dosed to the system.
5.4 Microbiological: methods
Nitrifying bacteria
The most probable number method (MPN) was adopted in 
this study to estimate the nitrifying bacteria populations. 
Whilst it is accepted that this method is a relatively 
inaccurate way to estimate,.population densities, it was 
chosen as a result of the difficulties involved in using 
other methods as routine techniques.
Direct counting methods involving isolation on solid 
media are virtually impossible, even on a non routine basis, 
due- to the problems associated with the growth of nitrifiers 
in this manner. Their very slow growth rates, even under 
optimum conditions* mean, that often, even in strictly 
inorganic media,, the-traces of. organic material introduced 
with the inoculum enable.the faster growing heterotrophic 
organisms to develop and inhibit the growth of the nitri­
fying bacteria.
A direct counting method based on membrane filtration 
techniques has been outlined for the estimation of Nitro- 
somonas populations (Einstein, 1968). However, trials 
of this method carried out during this study proved to 
be unsuccessful, again as a result of contaminating growths 
on the filter pads -during, the preliminary incubation period.
Direct counting based on fluorescent antibody tech­
niques was felt to be impractical for the routine work 
involved in this study.
The MPN. method of estimating bacterial populations 
has a number of drawbacks, and the method is valid only 
if the following conditions are met:-
(i) The organisms being counted do not cluster and 
are randomly distributed throughout the sample.
(ii) Growth occurs in. each, tube which has received 
at least, one bacterium:.
Further drawbacks arise, where nitrifiers are under 
investigation, as a result of the length of incubation. 
Matulewich, Strom and Finstein (1975) suggest that a 25 
day incubation period would generally be sufficient to 
attain the maximum estimate of ammonia oxidisers, but were 
less certain for nitrite oxidisers as maximum estimates 
were obtained after incubation for periods of 103 - 113 
days,, obviously impractical for routine purposes (all 
incubations at 28°C.)
In spite of these drawbacks the MPN method remains 
a widely used method for the enumeration of nitrifying 
populations (Schmidt, 1978).
The tests for both Nitrosomonas and Nitrobacter were 
carried out in the following manner. A series of fourfold 
dilutions of the sample in sterile Ringer’s solution 
were prepared. 1ml of the dilutions were then inoculated 
into four tube replications of the appropriate media. These 
tubes were then incubated for a period of' 21 days at 30° C. 
in the dark. After this period growth in the tubes was 
confirmed by testing for the presence of nitrite using 
the reagents of Strickland and Parsons (1965) as follows: -
Nitrite present in Nitrosomonas growth
ammonia medium
Nitrite absent from Nitrobacter growth
nitrite medium
In cases where the initial..inoculum of. nitrifiers, is 
heavy, nitrite produced by Nitrosomonas in the ammonia 
medium is oxidised to nitrate by Nitrobacter during the 
incubation period. Thus on testing for growth a false 
negative reaction is produced. If this type of reaction 
v/as suspected, the addition of a small amount of zinc 
dust to the tube reduced any nitrate present to nitrite 
and a positive reaction to the addition of the test 
reagents then took place and growth of Nitrosomonas 
could then be confirmed as outlined above.
After incubation the number of tubes in which 
growth occurred was used to estimate the most probable 
number of bacteria present in. the original, sample by 
means of the appropriate statistical tables (Fisher and 
Yates, 1963) - If all the tubes set up in the test were 
negative no MPN estimate could be given* if. all. tubes 
were positive, an estimate of the minimum population only 
was possible*
Collection, of. samples.
%
Water samples were collected in sterile McCartney 
bottles and microbial numbers estimated directly as 
described above*. The results were tabulated as numbers 
of bacteria per ml.
Growth, of nitrifying bacteria on solid media
' The autotrophic nitrifiers are extremely difficult 
to culture by direct plating methods, however, with a view 
to obtaining colonies for use in electron microscopy* this 
work was attempted*.
In this study, following the successful use of the 
medium developed by Meiklejohn (1968) in the MPN estimates 
it was decided to try and isolate nitrifiers on silica gel 
plates based on this formulation as well* Accordingly the
plates were prepared as follows.
A IK solution of sodium silicate was prepared in 
the appropriate Keiklejohn media. This solution was then 
slowly added to 2-3ml of 2M hydrochloric acid and 1 drop 
of 0*0lf9o bromothymol blue solution in a sterile petri dish, 
each addition was thoroughly mixed. When the indicator had 
Just changed'from yellow to blue, the plates were put to 
one side and allowed to set.
The plates were then inoculated with 2-3 drops of 
a culture from the 15L growth vessel. The inoculum was 
carefully spread across the plate surface using a sterile 
spreader. After incubation at 30°C. for 21 days the plates 
were examined for colonies under a binocular microscope.
Electron microscopy studies
Copper grids with a mesh size of 200 cm”'1' were coated 
with a 0.3% solution of Formvar in chloroform. The bacterial 
preparations were then transferred to the mesh in the foll­
owing manner. A drop of sterile distilled water was placed 
on the grid, a colony was selected and picked from the 
silica gel plate using a sterile straight fine wire. The 
colony was then transferred to the drop of water on the 
grid and used to make a suspension of cells in the drop. 
Great care was taken to avoid damaging the grid coating
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during mixing. The suspension was then allowed to settle 
for approximately lOmin. and the excess fluid removed 
with a fine, pointed piece of filter paper, again care 
was taken to avoid any contact with the grid coating.
The cells on the grid surface were then negatively stained 
by placing a drop of phospho-tungstic acid, mixed with 
bovine serum albumen as a wetting agent, onto the grid 
and leaving for 30-60sec. The excess was removed as above 
and the grid allowed to air dry in a dust free atmosphere
The. completed grids were then examined in a Jeol 
transmission electron microscope.,
3.-5- Chemical methods
Ammonia determinations
(i) Continuous ammonia determinations were carried 
out using an EIL 8002 ammonia monitor. A sample line ran 
from the source to a constant head device on the monitor, 
a sample for analysis was pumped from this into the mon­
itor via a small peristaltic pump. This sample was then 
dosed with 1M sodium hydroxide solution with a second 
peristaltic pump, the delivery of the two pumps being such 
that the ratio of 10 parts sample : 1 part sodium hydroxide 
was achieved..
The alkaline sample then flowed through a perspex 
block (Figure 10) which housed an ammonia determining 
ion selective electrode and a small magnetic stirring 
device to ensure that the sample and sodium hydroxide 
were always thoroughly mixed.
The body of the ion selective electrode (Figure 11) 
contained a pH electrode and its reference electrode in 
a standard solution of ammonium chloride.. A plastic mem­
brane, selectively permeable to free ammonia separated 
these from the sample mixture. Ammonia in the sample 
was all converted to the free form as a result of the 
sodium hydroxide addition... As this passed through the 
membrane into the electrode body it caused a pH change 
in. the standard filling solution,. The change in pH being 
proportional to the ammonia concentration in the sample, 
the changes were measured by the pH electrode and displayed 
on a milliammeter calibrated in milligrammes per litre of 
ammonia nitrogen. The gap between the electrode and plastic 
membrane was kept to a minimum to ensure that the response 
time of the ion selective electrode to changes in the 
ammonia concentration in the sample was as short as 
possible.
The electrode was calibrated manually at the start of 
every experiment to standards of lmgl”'1* and lOmgl”'1' NH^-N. 
To compensate for any drift in the electrode's response
NHT Electrode 
5
Magnetic
stirrer
Sample +
NaOE
FIGURE.IQ^PERSPEX ELECTRODE HOUSING BLOCK- EIL 8002 AMMONIA 
MONITOR
Glass pH electrode, Silver reference electrode
Electrode body
Internal filling soln 
NH.Cl .  ----------
NH., permeable plastic
Rubber sealing ring —membrane
FIGURE' 11, AMMONIA' DETERMINING ELECTRODE
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during the course of the experiments it was restandardised 
automatically to lmgl"^ NE^-H at six hour intervals*
The use of this system was initially beset by problems 
in. which the monitor operated perfectly satisfactorily on 
the standard solutions, but when set to run on the sample 
there was a rapid and progressive deterioration in the 
response* On further investigation this was found to be 
due to the high phosphate levels in the sample, as the 
pH was raised by the addition of sodium hydroxide to pro­
duce free ammonia* so the solubility of the phosphate 
decreased causing a scale to be deposited over the electrode 
and its membrane* As a result its permeability to free 
ammonia was affected and the ammonia determination thus 
ceased to be accurate*
The problem was overcome by incorporating an 0.1M 
solution of EDTA into the 1M sodium hydroxide solution, 
this then enabled calcium salts in the sample to form a 
soluble complex which prevented the deposition of the 
calcium phosphate scale around the electrode so that its 
function was unimpaired. The electrode and monitor then 
operated very satisfactorily throughout the experiments 
carried out in this project*
(ii) Ammonia determinations were also carried out 
using a colorimetric method based on the Nesslerisation
68
of the sample.
A known, volume of sample was taken and diluted to 
50ml. with, demineralised water. To this was added 1ml. 
of a 10% Calgon (sodium hexametaphosphate) solution 
followed by 2ml- of BDEL Nessler*s reagent- The ensuing 
colour was allowed to develop for 2 minutes (15 minutes 
if the sample contained less than Imgl"^ NH^-N) and 
estimated using an EEL absorptiometer set at filter 
number 601 in AOmm glass cells. This was done against ’ 
a blank, made up of 50ml. of deraineralisecL water plus the 
reagents detailed above. The reading thus obtained was 
then, compared with a calibration curve drawn up from 
standard ammonia solutions and the ammonia concentration 
in the original sample could then be calculated.
Nitrite determinations
Nitrite determinations were made colorimetrically by 
taking a known volume of sample and diluting it to 50ml. 
with, demineralised water. To this were added 1ml. each 
of reagents A and B as follows: -
A - Dissolve 5g. of sulphanilamide in a mixture of 
50ml. concentrated hydrochloric acid and approx. 300ml. 
distilled water. This was then diluted to 500ml. with 
more distilled water. This reagent is stable for many
months.
B - Dissolve 0.5SV of N-(l naphthyl) ethylenediamine 
dihydrochloride in 500ml. of distilled, water* This reagent 
should be stored in dark bottles and renewed every month 
or when a strong brown colour develops.
The colour was then allowed to develop for 2*5 minutes 
and estimated against a blank made up of 50ml. of demin­
eralised water plus the reagents above, using an 3EL ab- 
sorptiometer at filter 601,v in ZfOmm. glass cells. A cali­
bration curve drawn up from, standard nitrite solutions was 
then used to calculate the nitrite concentration in the 
original sample*
BOD tests
In. order that this type of test should produce 
accurate and comparable results it is necessary that 
uninhibited growth of bacteria and plankton should occur 
in the sample during incubation* In addition to this it 
is essential that some dissolved oxygen remains in the 
sample after the five day incubation period, this often 
requires the original sample to be diluted. Therefore, any 
dilution water used must satisfy a number of conditions, 
these are that it should be free of any appreciable oxygen 
demand of its own and that it should be free of any germ­
icidal properties* Since most natural waters possess an 
appreciable 5 day oxygen demand at 20°C. the use of a 
synthetic dilution water has become common.. The use of 
tap water or even distilled water is not recommended since 
there may be a germicidal effect due to the residual 
chlorine/chloramine levels or to caustic alkalinity or 
copper which can distil over or result from the still 
and its condenser*
As the five day BOD is intended as a measure of the 
carbonaceous oxidation, errors in the test will result if 
ammonia is also present in the sample since there will be 
an oxygen demand due to any nitrification which may occur 
within the incubation period. Therefore, to obtain the 
most accurate estimation of the carbonaceous oxygen demand 
of a sample, nitrification must be suppressed* Wood and 
Morris (1966) review the methods available for this pur­
pose and go an to suggest a further method based on the 
addition of allylthiourea as an inhibitor of nitrification* 
As this method is very simple, being merely the addition 
of a further conditioning agent to the dilution water, it 
was the method chosen in this project*
The method chosen for the BOD test was a slight 
modification on that outlined in Standard methods for the 
examination of water and wastewaters (1965)? an oxygen 
determining electrode being used to determine the diss­
olved oxygen concentrations rather than the more usual 
titrimetric methods. The electrode used was an EIL 8012-1 
dissolved oxygen, model, this has been designed with BOD 
tests in mind and whilst it is basically a Mackereth 
type of system, it has a number of features which make it 
particularly suitable for this work*
The electrode incorporates its own magnetic stirring 
device to prevent oxygen depletion at the sample/ membrane 
interface, it also has automatic temperature compensation 
and when used in conjunction with a suitable pH meter (in 
this case an EIL 8020 model) provides a direct read out of 
oxygen concentrations (mg*l~^) in the samples. The response 
time is rapid and the use of the.:-electrode resulted in 
savings in the time required for the oxygen determinations 
when compared to the titrimetric methods. In addition, it's 
use required that only one bottle per test needed to be 
set up- Since there was no need to fix the dissolved 
oxygen in the sample, the same sample can be used for both 
the initial determination as for the determination after 
the incubation period* The electrode was introduced into 
the sample bottle via an adaptor which prevented the loss 
of any sample by displacement thus minimising errors due 
to the entrainment of air during the determination steps.
Reagents
(i)Phosphate buffer solution: dissolve 8-5g* KH^PO^* 
21-?5g- K^HPO^, 3 3 -kg. Na2HP0^.?E20 and 1.7g* HH^Cl in 
approximately 500ml- of distilled water and dilute to
1 litre- The pH of this solution should be 7*2 without 
further adjustment-
(ii) Magnesium sulphate solution: dissolve 22-5g* 
MgS0^-7K20 in distilled water and dilute to 1 litre-
(iil) Calcium chloride solution: dissolve 27-5g* 
anhydrous CaCl2 in distilled water and dilute to 1 litre-
(iv) Ferric chloride solution: dissolve 0 + 2.5g- FeGl^- 
6H20 in distilled water and dilute to 1 litre-
(v) Dilution water: the demineralised water used for 
the dilution water should be as close to 20°C- as possible- 
To each litre of dilution water 1ml- of each of the above 
reagents was added- In addition, to prevent nitrification 
occurring in the samples allylthiourea was added at this 
stage- A concentration of -lmgl”^ being considered sufficient 
for this purpose (Wood and Morris* 1966)-
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Frocedure
Samples of water were collected in. clean glass bottles 
and diluted to the appropriate levels using the dilution 
water as prepared above, care being taken to avoid any 
entrainment of air during the mixing process. Duplicate 
bottles at each dilution level were set up. As stated earlier, 
in. this project it 7/as necessary to set up only one bottle 
for each test.-
After, the initial determination of the dissolved 
oxygen concentration, in the bottle had been carried out, 
the sample bottles were placed, in a water bath, for incubation 
at. 20°G- (+ 0.1°) for five days*. The bottles were inverted 
in. the water bath so as to provide a water seal against 
the ingress of oxygen from the atmosphere. The water bath 
was also kept in the dark to prevent errors due to the 
production of oxygen from photosynthetic activity in the 
samples..
In addition to the sample bottles, a further bottle 
containing only dilution water was set up and incubated 
in the water bath- After the completion, of the incubation 
the bottles were removed from the water bath and the 
dissolved oxygen concentration again measured.
The BOD of the original sample could then be calculated
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as follows:
BOD = (x - y - az ) (a + 1) mgl""^ 
a + 1
where
x = DO concentration of diluted sample before incubation, 
y = DO concentration of diluted sample after incubation, 
a = Vols. of dilution water added to 1 vol.- of sample, 
z = BOD of dilution water*
4* NITRIFICATION STUDIES
U.l Site of nitrification in the cooling tower rig system
In a cooling tower of the type under investigation 
there are basically three possible sites where the process 
of nitrification could be taking place.
a) Nitrifying bacteria suspended in the circulating 
water.
b) Nitrifying bacteria situated in the sludges and 
sediments in the cooling tower pond.
c) Nitrifying bacteria situated on the cooling tower
75
packing.
The simplest way to narrow the possibilities for 
the site of nitrification was to compare rates of oxida'ticn 
in the rig when operating with and then without water cir­
culating over the packing.
The rig was therefore filled with fresh water from 
the Croydon power station cooling system and dosed v/ith 
ammonium sulphate to produce a concentration of 7 - 9nigl~^  
NH^-N after thorough mixing by allowing the water to cir­
culate for a short time. The pH of the system v/as then 
adjusted to 7 by the addition of sodium carbonate solution
and the flow to the distribution tray adjusted to 20 litre 
-1sec
The ammonia concentration was then monitored over a 
period of time using the EIL 8002 ammonia monitor and 
continuously recording the results on a Servoscribe 
recorder. During this time the pH of the system was also 
continuously monitored and recorded to ensure that the 
pH was maintained at a value of 7 (+ 0.1) by the continuous 
addition of sodium carbonate solution via an adjustable 
stroke metering pump. The dissolved oxygen saturation* 
of the system was monitored throughout the test using 
an EIL Model 15A oxygen meter.
* In this study, dissolved oxygen saturation refers to the 
percentage saturation of the water v/ith oxygen under the 
prevailing experimental conditions.
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When a representative trace of the loss of ammonia 
from the system had been obtained the circulating pump 
was adjusted so that the water flow to the distribution 
tray was cut off, circulation in the pond was maintained, 
however- Again, ammonia concentration, pH and dissolved 
oxygen saturation were monitored and recorded as the 
rig system was operated without the cooling tower pack­
ings and a representative trace of ammonia loss from the 
system under these conditions was obtained-
Continuous monitoring of the dissolved oxygen sat­
uration was necessary during this phase of the test since 
it is the passage of water over the packing which is the 
major source of dissolved oxygen in the system. Under the 
normal operating conditions, with water passing over the 
tower packing the uptake of oxygen in this way is more 
than sufficient to maintain the dissolved oxygen at 
saturation levels- Without water circulating over the 
packing, however, the dissolved oxygen levels fall rapidly 
as a result of oxygen consumption in the system. Therefore, 
when ammonia oxidation rates were taken it was necessary 
to ensure that the dissolved oxygen, levels in the rig were 
in excess of the limiting values.
This type of experiment was of a short duration and 
temperature changes in the rig due to changes in. the 
ambient temperature were found to be very small and the
Figure 12 The oxidation of ammonia in the packing
of the cooling tower rig
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lack of temperature control was thus found to be relatively 
unimportant. Throughout the experiment the rig water temp­
erature was continuously monitored and recorded.
Results
Rate of oxidn . 
with full pack­
ing, mg/litre/hr
Rate of oxid31. 
with zero pack­
ing, mg/litre/hr
Percentage 
of max. rate
1-34 0.18 13.4
1.05 0.33 31^ 4
0.99 0.09 9.1
Mean 18.0
TABLE. 6-"COMPARISON. OF NITRIFICATION RATES WITH. AND.
Figures 12-14 show the results obtained from the EIL 
8002 ammonia monitor, as Table 6 shows when the tower 
packing was removed from the system the oxidation rate 
falls to a value some 9 - 3'2 percent of the oxidation rate 
under the same conditions but with the packing included in 
the system-
Conclusion
It can be seen from the results shown above that 
the major site of nitrification in the cooling tower rig
WITHOUT FLOW OVER THE TOWER PACKING
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was the packing, indicating that it was the attached 
bacteria rather than those in suspension or in the 
sediments which were responsible for the oxidation.
4.2 Effect of ammonia concentration on oxidation rate
This work was carried out in the pilot scale cooling 
tower rig.--This was filled with fresh water from the power 
station cooling system and the circulation pump adjusted 
so as to produce a flow to the distribution tray of 20 
litres sec"*'*’.
The rig was then dosed with ammonium sulphate to 
give an. ammonia concentration, in the water of 6 - 9mgl""'*‘ 
NH3-N and allowed to circulate for some minutes to enable 
complete mixing of the system. The pH of the water was 
then adjusted to 7 by the addition of sodium carbonate.
The change in the ammonia concentration in the rig 
system was then monitored using the EIL 8002 ammonia 
monitor. The oxidation process caused the pH of the system 
to fall and so sodium carbonate solution was continuously 
dosed to the system through an adjustable stroke metering 
pump to maintain the pH at 7*0 0.1 ).
Temperature control in the rig v/as not possible, 
however, these experiments were of a relatively short
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Figure 15 The effect of ammonia concentration on
oxidation rate
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duration, lasting some 5 - 6  hours. The high specific 
heat of water, coupled with the large volume contained 
within the rig meant that temperature changes due to 
ambient effects were small and the water temperature 
remained relatively constant throughout the tests.
Ammonia concentration, pH,, dissolved oxygen saturation 
and water temperature were continuously monitored and 
recorded throughout the experiment.
Results
The oxidation of ammonia in the cooling tower rig 
was found to be a two stage reaction. Initially the rate 
of oxidation was. independant of the ammonia concentration* 
however at a substrate concentration of i.l2mgl”^ NH^-N 
the reaction changed and the rate of oxidation then 
became directly proportional to the concentration of 
ammonia in the system as Figure 15 shows.
Conclusions
Ammonia oxidation in the cooling tower rig system 
in the range 0 - 9*ngl*"^  NH..-N is a zero order reaction
j
at substrate concentrations in excess of a limiting 
value of l.l2mgl"^ NH^-N changing to a first order 
reaction at substrate concentrations below this.
U,3 Effect of pH on the rate of ammonia oxidation
Since it was essential that both temperature and 
pH should be closely controlled for tests of this nature, 
it was not possible to carry them out in the cooling tower 
rig which had no temperature control* As a result of this, 
this series of tests was carried out in the laboratory 
using the 15 litre culture vessel*.
The culture vessel was filled with fresh water from%
the power station cooling system, and the thermocirculator 
adjusted to bring the temperature to 25°C* Ammonium sulphate 
was added to the system to produce a concentration of 
approximately 120mgl~^ NH^-N in the culture vessel. The 
pH was adjusted to 7 and the pH controller set to maintain ' 
this value, automatically dosing with sodium carbonate or 
dilute hydrochloric acid as necessary. The system was kept 
completely mixed by the stirring paddles continuous operation 
these had the additional function of. causing air to be 
entrained into the water to maintain dissolved oxygen 
saturation.
The ammonia concentration in the culture vessel was 
monitored at intervals,, using Hessler's method of ammonia 
determination,, and. the rate, of ammonia oxidation, calculated. 
When the oxidation rate was found to have reached- a steady 
value, work on the effect of pH on ammonia oxidation could
85
be started*
The pH of the system was adjusted to the desired 
value by the addition of either sodium carbonate or dilute 
hydrochloric acid, and the pH controller adjusted in line 
with, this to maintain the system at the new value. A 
period of acclimatisation lasting approximately seven 
hours was then allowed and the rate of ammonia oxidation 
over the following 17 - 20 hours was monitored. However, 
if. the rate of oxidation became so great as to make 
monitoring over such, a time impractical, shorter time 
spans were employed. The ammonia concentration in the 
system was restored to approximately l^Omgl*"^ NH^-N 
before each test period was begun.
In order that errors due any decline in bacterial 
activity as a result of the culture aging were kept to 
a minimum., each culture was used for a period of four 
days only before a new one was prepared. Regular estimates 
of the Hitrosomonas population using the MPN method were 
carried out during the tests, this had the additional 
benefit of providing useful- information on the effect of 
changing pH values on the population of ammonia oxidisers.
The activity and population of the bacteria were 
investigated over the pH range 6*5 - 9* all at a tem­
perature of 25°C. Both pE-and temperature in the culture
oxidation
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Figure 17 The effect of pH on nos, of Nitrosomonas s d .
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vessel were continuously monitored and recorded.
Results
Ammonia oxidation in the 15 litre culture vessel 
showed a marked variation with changes in pH. Figure 16 
shows that the maximum oxidation rate occurs slightly on 
the alkaline side of neutral in the pH range 8 - 8.2, 
with, sharp declines in the rate at pH values either 
side of this range..
%
There appeared to be a cut off value of approximately 
6.4* the results from the MEET population estimates (Figure 17) 
indicating that this pH is apparently lethal to Nitrosomonas.
Conclusions
The oxidation of ammonia is strongly pH dependant 
v/ith a pH optima in the range 8 - 8.2* and no oxidation 
occuring below a pH of 6*4*
4.4 Effect of temperature on the rate of ammonia oxidation
As in the series of tests described above this work 
was carried out in the 15 litre culture vessel. A culture 
of ammonia oxidisers was developed by dosing water from 
the power station cooling system with ammonium sulphate to
89
produce a concentration of approximately 120mgl”^ NH^-N, 
the thermocirculator set to maintain the water temperature 
at 25°C. and the pE controller set to maintain the system 
at 7*0.
The rate of oxidation of ammonia was then monitored 
as described earlier until a steady state was reached. The 
temperature in the culture vessel was then adjusted to the 
desired level and maintained at this value with the thermo- 
circulator. The culture was then allowed to acclimatise to 
the new temperature for approximately 7 hours, and the rate 
of ammonia oxidation over the following 17 - 20 hours was 
measured, the pH of the system being maintained at 7.0 
throughout. If the rate of oxidation became so high as to 
make measurements over 17 - 20 hours impractical shorter 
periods were used.
Again, to minimise errors due to culture aging, after 
four days of experimental use the culture was rejected and 
a new one prepared in. the manner described above. The rate 
of ammonia oxidation was investigated at temperatures in 
the range 15 - *fO°C.
During all the tests temperature and pH were contin­
uously monitored and recorded, dissolved oxygen saturation 
values were maintained by vigorous stirring in the culture 
vessel.
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Figure 18 The effect of temperature on the rate of
ammonia oxidation
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Results
Figure 18 shows the variation in the rate of' ammonia 
oxidation which occurs with changes in the temperature 
of the system. Unfortunately, with the apparatus available 
for these tests it was not possible to investigate the 
effect of temperatures below approximately 15°C.
Conclusions
The rate of ammonia oxidation is strongly temperature 
dependant within the range 15 - 40°C., with the optimum 
ocurring between 27 - 32°C.
4.5 Effect of changes in packing area on the rate of ammonia 
oxidation
Since earlier work on the cooling tower rig had 
indicated that the major site of ammonia oxidation was the 
tower packing an attempt was made to investigate the relation­
ship between the area of packing available and the rate of 
ammonia oxidation. There were, however, a number of problems 
involved in setting up this work. These were concerned in 
the main with the method used to change the area of packing 
in the cooling tower.
The only effective and accurate method of doing this
92
would be to physically remove sections of the packing 
from the rig to carry out each test. However, in view 
of the costs and work involved in this it was felt that 
it was not practical. It was therefore decided that the 
simplest method of changing the effective area of tower 
packing would be to restrict the flow of water flowing 
over it.
The distribution tray in the cooling tower rig took 
the form of a shallow metal tray with a regular pattern 
of outlet holes in its base through which the water was 
distributed as evenly as possible over the top of the 
packings Therefore it was assumed that by blocking off 
a section of the outlet holes there would be a corres­
ponding reduction in the effective packing area.
Each test was set up .by filling the rig pond v/ith 
fresh water from the power station cooling system, the 
required number of outlet holes in the distribution tray 
were blocked off with corks and the flow to the distribution 
tray set up and adjusted to produce a flow to the packing 
equivalent to 40 litre sec*"'*' over the full packing area.
The rig was then dosed v/ith ammonium sulphate to 
produce a concentration in the pond of 6 - 9mgl”^ NH^-N 
after thorough mixing. The pH was adjusted to 7*0 by the 
addition of sodium carbonate and maintained at this value
(+ 0.2) by the metered addition of sodium carbonate 
solution, pH being continuously monitored and recorded 
throughout the tests.
The rate of ammonia oxidation in the rig was 
measured by continuously monitoring and recording the 
changes in the ammonia concentration in the systenf using 
an EIL 8002 ammonia monitor. When a trace of the ammonia 
changes over a period of some hours had been obtained the 
cork bungs were removed from the outlet holes in the 
distribution tray and the flow reset to ^0 litre sec~^ 
and a second trace of the ammonia changes over the 
following few hours recorded, the pH was maintained at 
the same value as for the initial part of the test*.
As in previous work on the cooling tower rig, no 
attempt was made to control the temperature but temperature 
was continuously monitored and recorded. As before it was 
felt that temperature control was not essential as changes 
in temperature during the tests were small. However, as 
the tests were carried out on several successive days 
the variation in temperature between tests could be quite 
marked. As a: result, direct comparisons between tests 
would have little value. In an attempt to minimise errors 
due to these variations in experimental conditions the 
rate of ammonia oxidation.recorded was expressed as a 
percentage of the maximum oxidation rate under the same
Figure 19 The effect of packing area on the
rate of ammonia oxidation
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Figure 20 The effect of packing area on the
rate of ammonia oxidation
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Figure 21 The effect of packing area on the
rate of ammonia oxidation
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Figure 22 The effect of packing area on the
rate of ammonia oxidation
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Figure 23 The effect of packing area on the
rate of ammonia oxidation
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Figure 24 The effect of packing area on the 
rate of ammonia oxidation

Figure 26 The effect of packing area on the
rate of ammonia oxidation
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Figure 27 The effect of packing area on the
rate of ammonia oxidation
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Figure 28 The relationship between packing area and 
ammonia oxidation rate in the caoling 
tower rig
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conditions i.e. as a percentage of the rate of ammonia 
oxidation recorded with the full packing area in operation.
It was then assumed that any variations in the experimental 
conditions would affect both the experiment and control 
equally.
Dissolved oxygen saturation levels in the rig were 
continuously monitored and recorded throughout the tests.
The effect of packing areas ranging from 0 - 100% 
of that available was investigated.
Results .
The results from this series of tests Figures 19-27 
show that changes in. the area of the packing do 'have an 
effect on the -rate of ammonia oxidation*. Somewhat surprisingly, 
however,, the relationship appears to be non-linear as shown 
in Figure 28-
Conclusion
The rate of ammonia oxidation is not directly 
proportional to the area of packing in use in a cooling 
tower system.
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k*£' Effect of changing flow rates over the packing on 
the rate of ammonia oxidation
The cooling tower rig was equipped with a facility 
for producing a variable discharge from the circulating 
pump to the distribution tray and this series of tests 
was designed to investigate the effects of changes in the 
flow rate over the tower packing on the ammonia oxidation 
rate.
The circulation pump on the rig was fitted with a 
flow gauge calibrated for flow rates between 20 - 120 
litre sec"'1'. However, in these tests it was felt that 
it would be essential to investigate the effects of flow 
rates below 20 litre sec"\ Therefore it was necessary to 
carry out direct measurements of the volume of water 
delivered to the distribution tray in a given time. This 
was achieved in the following manner, the rig pond was 
filled with fresh water from the power station cooling 
system. With the circulation pump turned off the outlet 
holes in the distribution tray were plugged with cork 
bungs. The pump was then turned on and the change in.the 
water level in the distribution tray over a given time 
was then measured. This information was then used to 
calculate the volume of water delivered to the distri­
bution tray per unit time. The delivery of the circulation 
pump could then be adjusted and further measurements
taken until the required flow rate was reached. The cork 
bungs were then removed from the outlet holes and water 
allowed to circulate over the packing in the normal way.
The rig was then dosed with ammonium sulphate as in 
previous work and the pH adjusted to 7.0 with sodium 
carbonate and maintained at this value (+ 0.2) throughout 
the test by the metered, addition of a solution of sodium 
carbonate. The changes in the ammonia concentration in 
the rig water were then monitored over some hours using 
an EIL 8002 ammonia monitor. Following this the circulation 
pump was readjusted to bring its delivery to the distri­
bution tray to 20 litre sec"^ and the changes in the 
ammonia concentration again monitored as before over some 
hours* to serve as a control for the experiment.
During these tests any small changes in the temperature 
of the rig water resulting from changes in the ambient 
conditions were ignored, water temperature was, however, 
continuously monitored and recorded. Dissolved oxygen 
saturation values in the rig pond were continuously 
monitored and recorded, this was particularly important 
in these tests as at some of the lower flow rates used 
the re-oxygenation of the water during its passage over 
was insufficient to maintain fully saturated conditions 
in the rig. However, continuous monitoring of the dissolved 
oxygen saturation values made it posible to ensure that
107
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Figure 30 The effect of flow to the packing on the
rate of ammonia oxidation
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Figure 31 The effect of flow to the packing on the
rate of ammonia oxidation
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Figure 32 The effect of flow to the packing on the
rate of ammonia oxidation
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Figure 34 The effect of flow to the packing on the
rate of ammonia oxidation
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Figure 35 The effect of flow to the packing on the
rntp of ammonia oxidation
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Figure 36 The effect of flow to f-he packing on the
rate of ammonia oxidation
u
04
04LH
^  O  
. +1
o
t : Q
Ol a
in
o
04
O
04
in cn
£
i  i*
115
TI
M
E,
 M
IN
.
Figure 37 The relationship between flow to the
packing and rote of ammonia oxidation
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ammonia oxidation rates were estimated only under non 
limiting conditions.
The tests were carried out to monitor flow rates 
ranging from 0 -80 litre sec"'*'* As the tests were carried 
out over a period of several days some of the conditions 
naturally varied between tests, particularly the water 
temperature* Therefore to minimise errors due to these 
variations the rate of oxidation at the test flow rate 
was expressed as a percentage of the maximum flow rate 
possible under those conditions'i.e., the oxidation 
measured in the control test.
Besults
Figures 29 - 37 show that changing flow rates have 
a marked effect on the ammonia oxidation rate in the ; 
coaling tower rig at flow rates below some Zf litre sec”'*'. 
Above this flow rate, however,, changes in flow rate have 
no effect on oxidation rates.
Conclusion
Ammonia oxidation rates in the cooling tower rig 
are directly proportional to flow rates over the tower 
packing at flows below k litre sec , but independent of 
flow rates above this value.
4.7 Effect of pH on the growth rates of nitrifying bacteria
• This series of growth rate experiments was carried 
out in the laboratory scale 15 litre culture vessel. This 
was filled with fresh water from the power station cooling 
system and the thermocirculator set to bring the temperature 
in the vessel to 25° O'. The vessel was then dosed with 
ammonium sulphate to produce a concentration of approx­
imately I20mgl ■* NH^-N. The pH of the system was then 
adjusted to the desired value by the addition of either 
sodium, carbonate solution or dilute hydrochloric acid and 
the pH controller set to maintain this level. The dissolved 
oxygen saturation value of the water in the culture vessel 
was maintained by air entrained by the stirring paddles. 
Temperature and pH in the culture vessel were continuously 
monitored and recorded.
The growth of the population of Nitrosomonas was 
monitored by a daily estimate of numbers using the MPN 
technique. Changes in the ammonia concentration in the 
culture vessel due to oxidation were monitored by 
carrying out ammonia determinations using the Nessler*s 
method, the losses were made up by redosing the system 
with, ammonium sulphate as necessary to maintain the 
concentration at approximately 120mgl”'*’ NH^-N.
This procedure was repeated for pH values 7.0 - 8.5
at intervals of u.5 units to show the effect of pH on 
the growth rate of Nitrosomonas. This was then followed 
by a similar series of experiments in which the culture 
vessel was dosed with sodium nitrite and daily MPN 
estimates of the population of Nitrobacter were carried 
out, again at 0.5 pH units over the range 7*0 - 8.5*
Results
figures 38 - A-5 show that the growth of both 
Nitrosomonas sp- and Ni tr abac ter sp.. populations in 
Croydon power station cooling water do not vary
significantly with changes in pH over the ranges
tested*
The growth curves obtained can_ be used to determine 
the population doubling times and growth rate constants 
for both groups of bacteria.
k = Log1QNt - Log^Q&Q 
0.301t
where
k = Exponential growth rate constant.
Nq= No s *. of bacteria at time 0.
N^= Nos* of bacteria at time t.
t = Time.
Figure 38 The effect of pH on the population of
Nitrosomonas sp. at 25*C
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Figure 39 The effect of pH on the population of
Nitrosomonas sd. at 25° C
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Figure 40 The effect of pH on the population of
Nitrosomonas sp at 25° C.
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Figure 41 The effect of pH on the population of
Nitrosomonas sp. at 25° C
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Figure 42 The effect of pH on the population of
Nitrobacfer so. at 25° C
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Figure A.3 The effect of pH on the population of
Nitrobacter sp. at 25° C.
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Figure 44 The effect of pH on the population of
Nitrobacter sd. at 25 C.
in
O
CD
OL O
in
o
in . m  ' cm
j u i  *]]93 'ds j343Dqoj4jN ~sou *6oi
126
Ti
m
e,
 d
ay
Figure 45 The effect of pH on the population of
Nifro bocter sd. at 25° C
CL
LH
LO
>o in m cvi
I
j u i ]}33 *ds jaiDDqoj+iN sou *6o“]
127
Ti
me
,d
ay
Nitrosomonas sp.
pff Td(hr) k (day’"'1) p  Cday"*1)
Mean
7.0 15.5 1.56 . 1.08
7.42 15.2 1.60 1.11
8.0 15.5 1..56 . 1.08
8.5 13.3 1.81 1.25
14.9 1.63 1.13
Nitrobacter sp,
pH Td(br) k (day""4 H (day-1)
7.0 
7.-5
8.0 
8.5
Mean
15-5
14-5
11.9
17.8
14-9
1.56
1.-66
2.02
1.37
1.65
1.08
1.15
1.40
0.95
1.15.
TABLE 7- GROWTR CONSTANTS OF THE NITRIFYING BACTERIA AT 
DIFFERENT nH VALUES IN CROYDON POWER STATION COOLING WATER
AT 25 C
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The instantaneous growth rate constant was calculated 
as follows: -
f  = LogeHt ~ LogeMo 
t
where
jj = Instantaneous growth rate constant*
N = Nos- of bacteria at time 0.
Q
Nos. of bacteria at time t.
t = Time*
Table 7 shows the constants as calculated from 
the results obtained*
This series of experiments also enabled the delay 
between setting up the culture and the onset of nitrification 
to be measured. Table 8 shows the lag period in relation 
to the initial population of Nitrosomonas sp in the 
culture vessel, Figures 46- — 49 show how the rate of 
ammonia oxidation varied with time during the tests.
With such small variations in the growth rate with 
pH it would seem that the onset of nitrification should 
be governed by the size of the initial inoculum. However, 
outside the pH range ?.0 - 8*5 the onset of nitrification 
may be considerably delayed. In experiments carried out
129
Figure 46 The onset of ammonia oxidation at pH 70
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Figure 47 The onset of ammonia oxidation af oH 7-42
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Figure 48 The onset of ammonia oxidation at pH 8.
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Figure 49 The onset of ammonia oxidation at pH 8-5
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TABLE 8, LAG PERIODS AND INITIAL POPULATIONS OF
NITROSOMONAS SP. AT DIFFERENT pH VALUES IN CROYDON POWER 
STATION COOLING WATER AT 23° C.
Initial popn. pH
(cell ml”1)
3
4
2.5
4.7
under the same conditions as those above but at a pH 
of 6.0 there were no signs of growth or of the onset 
of nitrification in the culture vessel, even after six 
days. This would indicate that a sudden decline in the 
growth rate occurs as the pH: value- falls below 7.0.
Conclusions
The growth of nitrifying populations in Croydon 
power station cooling water, in the 15 litre culture 
vessel is independant of pH within the range 7*0 - 8.5> 
although a rapid decline in the growth rate of Nitrosomonas 
sp. is indicated at pH values below this.
42
224
1122
105
7.0 
7.42
8.0 
8.5
Lag period 
(day)
Growth constants for the nitrifying bacteria under 
the above conditions were as follows:-
Nitrosomonas sp. Nitrobacter so.
I'd hours 14*9 14.9
k day"1 1.63 1.65
p day"1 I.13 1.15
4.8 The effect of low retention times on:'the rate, of 
ammonia oxidation
In operational power station cooling systems the loss 
of water due to the evaporative cooling process amounts 
to approximately 1% of the volume of water flowing through 
the cooling tower. This loss is replaced with fresh make 
up water from source. In a high load small volume power 
station this can result in the system retention time 
becoming lower than the doubling times of the nitrifying 
bacteria. It could be possible therefore that this would 
affect the rates of oxidation as under these conditions 
bacteria will tend to be washed out of the system. This 
test was set up in the cooling tower rig to investigate 
the effect of retention times below the doubling times 
on the rate of ammonia oxidation.
The rig was filled with fresh water from the Croydon 
power station cooling system and dosed with ammonium
sulphate to produce a concentration of approximately 
5mgl”^ NE^-H after mixing. The pH of the system was 
adjusted to 7.0 and the water flow to the distribution 
tray set at 20' litre sec~^. Fresh water from the power 
station cooling system was then allowed to flow into 
the rig such that the retention time in the system was 
some 8*2 hours. The water entered the rig pond via'a 
3in. pipe situated at the furthest point from the sluice 
over which the water ran to waste, this was to minimise 
short circuiting and also ensure thorough mixing.
The pH in the system was maintained at 7*0 (+0*2) by 
the metered addition of sodium carbonate and the ammonia 
concentration was maintained at as constant a value as 
possible by the addition of a 2M solution of ammonium 
sulphate, again using an adjustable stroke metering pump.
The numbers of nitrifying bacteria in both the make 
up water and the water flowing to waste were estimated on 
a daily basis using the MPH method. The ammonia concentration 
and pH in the rig were continuously monitored and recorded.
The rate of ammonia oxidation was also monitored daily by 
cutting off both the inflow of fresh water and the ammonium 
sulphate addition, the oxidation rate could then be estimated 
over a short period without having to correct for the dilution 
effects of the fresh water, the flow of fresh water was 
restored on completion of the determination.
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Results
With a retention time of some 8.2 hours in the 
cooling tower rig system.,, some hours less than 
the population doubling times estimated for the nitrifying 
bacteria under relatively ideal conditions, in an earlier 
series of tests. The population estimates carried out on 
the make up water as it entered and- the pond water as it 
left the rig, shown in Figure '50 , indicate that the 
bacteria are washed out of the system as would be expected. 
Under these conditions the populations in the two sites 
mirror each other closely.but remain very low.
However, even though the population in the pond 
was._low ammonia oxidation did develop in the system as 
the bacterial population associated with the tower packing 
began to develop.
Conclusion
Retention times less than population doubling times 
do not seriously affect the ability of the bacteria in the 
cooling tower rig system to nitrify ammonia in the water. 
This would appear to confirm that the dominant site of 
oxidation in this type of system, is the packing, where 
the low retention time would have little effect on the 
attached population.
Figure 50 The effect of q low retention time on
ammonia oxidation in the cooling tower rig
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A.9 The effect of high organic loadings on the rate of
ammonia oxidation in the cooling tower riff.
The effect of high organic loading on ammonia 
oxidation was investigated with, a view to assessing the 
feasibility of using sources of cooling water which might 
be less well treated than that used at present in the 
Croydon power station system*
Although the cooling water at this site is drawn 
entirely from the neighbouring Beddington sewage treatment 
works,, it receives a high degree of treatment prior to 
entering the power station system. Beddington sewage 
treatment works is a modern plant using; the activated 
sludge method of treatment and the treated sewage effluent 
is consistently within the Royal Commission Standards* In 
addition to the treatment received at the sewage treatment 
works the effluent is put through rapid gravity sand 
filters at the power station prior to entering the cooling 
system* The overall result is that the Croydon cooling 
water is relatively free of organic matter and indeed of 
dissolved ammonia, since this is added to the water via 
dosing ammonium sulphate to the cooling tower ponds.
in this series of tests the usual filtered treated 
sewage effluent was used as the basis for the water in 
the cooling tower rig but the organic content was increased
by the addition of molasses*
The rig was filled with water from the power station 
cooling system and dosed with ammonium sulphate to give 
an ammonia concentration, after mixing, of 6 - 9mgl”^ NH^-N. 
The pH of the system was then adjusted to 7*0 as in the 
earlier tests and the flow to the distribution tray set 
at 20 litre sec”'*' and the rate of ammonia oxidation then 
estimated over a short period* The pH was maintained at 
7*0 (+0*5) by the addition of sodium carbonate solution 
via an adjustable stroke metering pump.
Having established the rate of oxidation at the 
normal organic loading, the rig water was dosed with 
molasses,, the rate of ammonia oxidation was again 
estimated over the following hours,, at pH 7*0 ► The 
organic loading of the rig was monitored by carrying out 
BOD tests at intervals throughout the test.
The ammonia concentration, water temperature, 
dissolved oxygen saturation and pH in the rig were all 
continuously monitored and recorded.
Results
As can be seen in. Figure 51 the addition of the 
molasses to the system brought about a sharp decrease in
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the rate of ammonia oxidation. However, this quickly- 
started to increase again and after twenty four hours 
was hack to its initial value. The BOD tests carried 
out during the course of this experiment showed that a 
considerable improvement in the water quality takes 
place in addition, to the ammonia being oxidised. The 
BOD half life for the rig under these conditions being 
approximately twenty four hours.
Conclusion
Higher organic loadings appear to have only a 
passing effect on ammonia oxidation. This is possibly 
due to competition between the nitrifiers and the 
heterotrophic population for the available oxygen*
The cooling tower rig system provides an effective and 
rapid means of reducing the BOD of the water in the 
system and as the BOD falls, so the. heterotrophs become 
less active and the competition for dissolved oxygen 
also decreases allowing the activity of the nitrifiers 
to build, up again.
h. 10 Nitrification in the power station cooling system
Having investigated the oxidation of ammonia in 
the laboratory and on pilot scale studies, work was 
switched to the power station cooling system itself.
This section of the work was not without its problems, 
however. Any work carried out on the power station had 
to be incorporated with the normal operations, since 
the costs of running the station purely for experimental 
purposes were prohibitive. Central Electricity Generating 
Board policy is that electricty should be generated at 
as low a cost as possible. In order to facilitate this 
power, stations throughout the country are graded on the 
basis of efficiency with respect to generating costs.
As electricity for supply to the National Grid 
cannot be stored, to keep generating costs to a minimum 
it is essential that the quantity of electricity generated 
is just sufficient to satisfy the requirements at any time. 
Thus the base load requirements of the country are supplied 
by the power stations highest in the order of merit. As 
a result these base load stations are on load more or less 
continuously apart from breakdowns and the need to shut 
down for routine maintenance. As the demand for electricity 
fluctuates both on a daily and seasonal basis, so the 
number of power stations on load also fluctuates. Demand 
for electricity is usually less in the summer months and
* i
it is quite possible for a station occupying a low position 
in the order of merit to remain shut down throughout the 
summer months. Even when demand is high stations like 
this may only be required to satisfy periods of peak 
demand such as breakfast and other meal times.
Croydon B power station, being a comparatively old 
station well removed from its fuel sources, had a fairly 
low standing in the order of merit and its operating 
programme was at best rather sporadic. In addition to 
this, shortly before work on the station cooling system 
was due to begin, inspections of the turbo generators 
revealed the presence of small cracks in three out*of 
the four sets. Therefore these three sets were taken 
off line to enable repair work to be carried out. The 
capacity of the station was thus reduced from 210MW to 
52.5MW* The repair work took almost a year to complete 
and the station was never fully operational throughout 
the period when these tests were to be carried out.
Work on the power station cooling system was 
concerned mainly with monitoring ammonia levels in 
the cooling water and noting how changes in the operating 
procedure affected the ammonia concentration whilst the 
station, was on load.
An EIL 8002 ammonia monitor was installed with a 
sample line taken from the exit side of the No. 1 con­
denser (No.l generating set being the only one operation­
al at the time). The power station records were made 
available so that other relevant information such as 
the' number of circulating pumps and the times at which 
they were brought into action, could be ascertained.
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In this way the oxidation of ammonia in the cooling 
system under a variety of conditions could he monitored.
Results
Although only a. very limited amount of data was 
obtained due to the serious operational difficulties 
encountered during the test period, the results from 
the EIL 8002 ammonia, monitor in the station cooling 
system showed that ammonia oxidation, followed first 
order kinetics* Figure 52 shows a typical example of 
the type of trace obtained whilst the station was on 
load with one circulating pump in operation.
Conclusion
*
Ammonia oxidation, in the power station cooling 
system is a first order reaction,, the rate of oxidation 
being proportional to the substrate concentration*
5* MICROBIOLOGICAL STUDIES
Work on the isolation of nitrifying bacteria from, 
the Croydon power station had mixed results. Although 
the liquid media used in the MPN population estimates 
of both types of organism proved to be very successful 
throughout the project, the use of solid media based on
• «■> *'v-.
Figure 53. Nitrobacfer sp. colonies.
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on these formulations was less successful* In fact there 
was no growth at all on any plates set up to develop 
colonies of ammonia oxidisers*
However, growth did occur on a small proportion of 
the plates set up for nitrite oxidisers.. These appeared 
as very small, circular ( diameter approximately 0*2mm.), 
convex colonies examples of which are shown in Figure 53- 
When viewed under reflected light these colonies appeared 
white, viewed by transmitted light they appeared pale 
brown in colour*
The colonies could be easily picked off the plates 
with a fine straight wire and were used to prepare a 
suspension of cells for viewing in the electron micro­
scope^ showing the cells to be roughly ovoid in shape 
with a single (sub) polar flagellum**
* Owing to a fault in the preparation of the negative
staining medium, the photographs obtained were generally 
of a poor quality* The fault caused the stain to form 
spots rather than being uniformly distributed over the 
grid surface. Further attempts to produce more colonies 
to enable the work to be repeated were unsuccessful*
6* SUMMARY OF RESULTS
(i) Nitrification in the cooling tower rig occurs 
largely as a result of the bacteria associated with the 
tower packing* The oxidation rate increasing by some 460% 
over that of the pond and sediments when the tower packing 
is included in the system*
(ii) Ammonia oxidation in the cooling tower rig is a 
zero order reaction changing to first order at substrate 
concentrations below 1.12mgl”^ NH^-N. The substrate 
concentrations tested were upto a maximum of 9mgl”^ NH^-N.
(iii) Ammonia oxidation in the 15 litre culture 
vessel is strongly pH. dependant. The pH optima occuring 
in the range 8 - 8.2, no oxidation occuring below 6.4«
(iv) Ammonia oxidation in the 15 litre culture 
vessel is also strongly temperature dependant. The optimum 
within the range tested of 15 - 40°C occuring at 2? - 32°C*
(v) At flow rates to the tower packing, in the rig 
system,., below -4 litre sec"^ the ammonia oxidation rate 
is proportional to the flow rate. At flows above this 
value there is no effect on the rate of oxidation.
(vi) Growth rates and doubling times of nitrifying
bacteria cultures at 25°C. in the 15 litre culture vessel 
are independant of pH changes within the range 7.0 - 8.5* 
However, no growth occurs at pH 6.0.
(vii) Retention times in the cooling tower rig 
system less than the doubling times of the nitrifying 
bacteria do not affect the capability of the system to 
nitrify in the normal manner*
(viii) High organic loadings in the cooling tower 
rig water cause the ammonia oxidation rate to be depressed 
for a short time. However, this quickly returned to the 
rate observed prior to the introduction of organic matter.
(ix) The rig system is capable of rapidly oxidising 
organic matter at the same time as nitrifying effluents, 
with a half life for the BOD removal reaction of approx.
Zk hours*.
(x) Ammonia oxidation in the power station cooling 
system follows first order kinetics..
7. DISCUSSION
The process of nitrification has been known for a 
long time and consequently a considerable amount of research 
has been carried out over the years such that the effects
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of a variety of physical and chemical factors on the 
process are well known and documented* However, the 
majority of the work done has been directed at the use 
of the process in conventional waste water treatment 
plants*. The use of cooling towers as a means of nitrifying 
effluents would be a novel method of waste water treatment.
There is, however, a considerable degree of
similarity between a cooling system based on cooling
towers and one of the conventional methods of water%
treatment, the percolating filter*. In both systems the 
principle of the operation- is that the water is sprayed 
over a column of packing. In both cases the function of 
this packing is to provide an increased surface area, in 
the percolating filter this allows the water to come into 
intimate contact with the microbial film which develops 
around the surfaces provided by the packing. The bacteria 
etc. in. this film are then able to carry out the biological 
oxidation, phase of the waste water treatment process 
reducing the BOD and ammonia content of the water*
In the cooling tower the packing also provides a 
large surface area to bring the warm water into contact 
with the surrounding cooler air*. This then promotes 
evaporation and hence cooling via the latent heat of 
evaporation. In addition to the evaporative cooling there 
is a smaller loss of heat directly to the cool air surrounding
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the packing.
In view of these general similarities it would seem 
reasonable to expect that provided that the cooling water 
contains a suitable substrate for growth, a microbial 
film will develop around the packing in a cooling tower 
in much the same way as occurs in a percolating filter.
This would seem to indicate that there is little if 
anything to suggest that nitrification in cooling towers 
should not- be perfectly possible. The results obtained 
from this study show general agreement with results 
published by other workers investigating the effects of 
similar factors on nitrification rates in a variety of 
conventional waste water treatment plants.
If the results from this study are to be used as 
a basis for developing a system whereby the outcome of 
using cooling towers to nitrify effluents is predicted, 
then a number of points must be considered in order that 
the predictions are made as accurate as possible*
The pattern of the work in which small scale tests 
have been used to determine the effects of physical and 
chemical factors on nitrification with respect to cooling 
towers necessarily requires that some degree of extrapolation 
is employed* Of the small scale tests used, those carried 
out in the 15 litre culture vessel should be treated with
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the greatest care before using them in any predictive 
work* This is as a result of conditions in this system 
being least like those which occur in a working cooling 
tower. The cooling tower rig, however, provides a system 
which closely resembles a power station cooling system 
and it is anticipated that the results from studies on 
the rig- can be safely applied to the full scale system.
However, the economics involved in running the 
cooling tower rig under strictly controlled conditions 
as can easily be maintained in the culture vessel, for the 
extended periods of time necessary for studying the nitri­
fying bacteria, make its use for all the work impossible. 
Therefore it was necessary to make use of the laboratory 
scale equipment to investigate the effect of some of the 
basic factors such as temperature and pH. on the nitrification 
process.
The results obtained for the effect of pH on the 
rate of nitrification showed that pH changes over a narrow 
range were capable.of causing very large changes in the 
rate of nitrification. In addition, when the estimates 
of the population of nitrifiers carried out in conjunction 
with the pH experiments are plotted against the pH values 
in the system it appears that pH values below 6.4 are 
lethal to the nitrifying bacteria. In the course of work 
on the cooling tower rig, however, it was noticed that on
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a number of occasions when pH control was stopped 
whilst ammonia remained in the water, the pH of the 
system was observed to fall as low as 5*5 - 6.0 and 
even at pH values as low as this nitrification con­
tinued to take place albeit at a very much reduced 
rate. .Furthermore, when sodium carbonate was.added 
to the system and the pH restored to the normal 
operating value of 7*0 the nitrification rate increased 
immediately. This would seem, to indicate that the low 
pH. values encountered by the nitrifying bacteria in 
the cooling tower rig were not lethal.
This apparent difference in the response of the 
same bacteria to similar conditions is possibly due 
to the different micro-environments encountered by 
bacteria in the cooling tower rig and culture vessel.
In the cooling tower rig it was demonstrated that in 
the main it is the bacteria located on the tower packing 
which are responsible for the nitrification. The micro­
environment around the tower packing may be quite 
different from the conditions in the main system and 
it is quite possible that the pH measured by the 
instruments which sample the bulk of the water in 
the pond may be quite different from the actual pH 
in the film of water around the packing.
Thus as the pH measured in the pond falls below
the lethal limit of 6*4* the bacteria attached to the 
packing could be somewhat less exposed to these conditions 
due to the possible buffering effects of the concrete and 
other surfaces making: up. tire, packing-*. Thus whilst their activity-
is decreased* the nitrifiers are not exposed to lethal 
conditions and so when the pH rises once more they can 
continue oxidising as before*
In. the 15 litre culture vessel.: the only surfaces 
available for the bacteria to attach themselves to are 
made of either glass or stainless steel, it is unlikely 
that these materials would be able to exert any significant 
buffering effect on the micro-environment surrounding them* 
However, as pointed out earlier pH changes in the rig 
system do affect the rate of ammonia oxidation, with the 
rate decreasing as the pH falls and increasing as it rises, 
although these changes in rates do not appear to be as 
marked as in the laboratory scale tests, again probably 
due to localised buffering effects*
An interesting feature of the pH effect is that 
it could be used to provide a cooling tower system with 
a self regulating pH control system.
One of the major cost components of a system 
employing acid dosing for pH control is the monitoring 
equipment necessary*. Overdosing with the acid can cause
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the water to become corrosive and damage both metal 
and concrete components in the cooling system. Obviously 
it is advantageous to achieve as many cooling cycles 
from the water before it is purged to waste. As 
described earlier in this report the greater the number 
of cooling cycles and passes over the tower packing then 
the higher the total dissolved solids content of the 
water due to evaporative cooling. The tendency for the 
least soluble components to precipitate can be countered 
by lowering the pH, at the same time conditions must not 
be allowed to become corrosive.
In the Croydon power station cooling system where 
the cooling water is already high in dissolved solids 
as it enters the system, maintaining the pH at approx.
7 has been found to be effective in preventing any 
significant precipitation. Other power stations using 
less "concentrated” sources of cooling water can operate 
at higher values for example Ratcliffe-on-Soar power 
station in the Midlands operates at pH values in the 
range 8 - 8.5 (Willett, 1977) but scaling of the 
condenser tubes was noted as increasing,, and the system 
could benefit from operating at. a reduced pH.
In systems such as these, where the operating pH 
is below the optimum for nitrification,, the self 
regulating pH becomes a possibility where, nitrification
is used to control pH.
The oxidation of ammonia causes the system pH to 
fall, however, the danger of the system becoming corrosive 
is slight since the nitrification reaction becomes pH 
limited before corrosive conditions can be achieved. As 
the oxidation of ammonia then ceases, the entry of fresh 
make up water to the system brings about a rise in pH 
allowing the nitrifiers to become active once more and 
stabilise the pH. This sort of response makes pH control 
by nitrification a most economical alternative to the 
methods commonly used in this country, provided of course 
that a cheap source of ammonia is readily available.
The laboratory scale experiments also indicated that 
nitrification rates are strongly temperature dependent. 
Temperatures within a cooling system vary too much to 
make the application of this a simple matter. In the 
cooling tower temperature variations occur both vertically 
and horizontally in the packing.
Warm water passing to the cooling towers is distributed 
over the top surface of the packing and during its passage 
down through the packing loses heat due to the latent 
heat of evaporation. There is therefore a temperature 
gradient from the top of the packing to the bottom, in 
an average natural-draught cooling tower the difference
in water temperatures above and below the packing would 
be of the order of 7°C. la addition, air within the 
cooling tower shell is warmed by its contact with the 
water and thus rises up the shell causing cool air to be 
drawn into the tower from around the bottom* The cooling 
effect on the water of the passage of this cooler air 
results in a high proportion of the total cooling effect 
being carried out on the outermost section of the packing. 
There is thus a temperature gradient set up across the 
packing*
However, the laboratory scale results on temperature 
effects are useful in that they indicate that the optimum 
temperatures for nitrification are in the range 27 - 32°C.
As a result the temperatures likely to be encountered in 
a cooling tower could be considered as being optimal for 
the promotion of nitrification* In the Croydon system, 
water arriving at the top of the tower packing is usually 
at a temperature of approximately 28°C;* Since the laboratory 
scale studies were based on cultures developed from the 
Croydon cooling system, it is possible that some degree 
of acclimatisation to the prevailing conditions may have 
taken place and different optimum temperatures may be 
found in different systems*
Of the laboratory scale studies those showing the 
effects of pH changes on the growth rates of the nitrifiers
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are probably the most valuable in terms of use for 
predicting a cooling, tower's nitrification, performance.
The tests indicated that the growth rates of both types 
of nitrifying bacteria remained constant over a wide 
range of pH values. All of the tests in this series were 
carried out at a water temperature of 25°C*, this could 
be considered as an. average of those likely to be en­
countered in. a. power station cooling tower. As the growth 
rates are constant, the onset of nitrification in any 
system will be governed by the size of the initial 
inoculum, rather than by any physical or chemical factors 
prevailing in the system..
With, conditions in the cooling tower rig system 
closely resembling those in a full scale cooling system 
it was anticipated that the results of the series of tests 
carried out in the rig could be.directly applied to the 
larger system.
The results of experiments to determine the pro­
portion of the ammonia oxidation reaction which occurs 
in each of the three sites provided by a cooling tower 
showed that approximately 85% of the reaction is carried 
out on the tower packing and only 15% as a result of 
bacterial activity in the pond water and sediments. 
However, when tests were carried out to show the effect 
of. changing areas of packing on the rate of oxidation
Figure 54 The proposed relationship between packing
area and ammonia oxidation in the cooiiria
tower rig
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the results indicated that there was a complex relation­
ship between these two factors* In. considering this 
result it was felt that there would be some justifi­
cation in considering the relationship to be a linear 
one as shown in Figure 54.
The reasoning behind this decision was a reflection 
of the relatively poor design of the experiment* In 
changing the effective area of packing in. the rig it 
was not feasible to change the total packing area in the 
system;, instead the effective area was altered by changing 
the pattern of t.he distribution of water over the packing. 
This was achieved by blocking off sections of the system 
of outlet holes in the distribution tray above the packing. 
However, using this system the main problem was to ensure 
that only the area of packing directly beneath the open 
outlet holes was sprayed with water.
In practice this was found to be virtually impossible* 
The water leaving the distribution tray hit the packing 
with considerable force and this caused some splash over 
onto adjacent portions of the packing* As a result, the 
area of the packing which was wet enough to support some 
nitrification was in excess of the area theoretically 
under investigation, that directly below the open outlet 
holes* The splash over effect does not produce a consistent 
degree of error throughout all the tests, as the error
will depend upon the area of packing under test*
When a high proportion of the rig packing is under 
test the splash over may well be enough to wet the whole 
of the so called dry area* This allows the nitrifiers on 
this section to remain active and so the observed rate of 
nitrification may differ only slightly from that seen 
when the complete packing is under test*. Where the area 
of packing under test is smaller, the splash over although 
still sufficient to wet adjacent areas, is not enough to 
reach the whole of the "dry" portion. Thus the area 
wetted as a result of the splash over is small in relation 
to the dry portion where the splash, over effect is 
negligible* V/hen the packing is dry no nitrification 
can occur and so the observed rate falls sharply as the 
area of packing tested decreases*
The fact that even when zero packing area is under 
test nitrification still takes place is due to the 
activity of bacteria in the pond, sediments and attached 
to the walls of the pond*
If the assumption is made that the rate of ammonia 
oxidation is directly proportional to the area of packing, 
then this means that the rate per unit area would be 
constant and the bacteria uniformly distributed over the 
surfaces*. If the area of the surfaces in contact
with the water in the pond, when the rig is operated at 
zero packing area, is calculated then it appears that 
the oxidation which does occur under these conditions 
could result from the bacteria attached to those surfaces, 
rather than those in suspension or associated with the 
pond sediments.
Attempts to carry out estimates of the attached 
nitrifier population using the MPN method of enumeration 
proved to be unsuccessful. This was apparently as a result 
of the difficulties involved in removing the bacteria 
from the substrate to which they were attached* A number 
of methods were tried all. based on a small measured area 
of packing, sample pieces were inserted into the rig 
packing and allowed to develop a microbial film in the 
same way as the packing. The sample was placed in a 
sterile McCartney bottle containing a measured volume 
of sterile Ringer's solution and a quantity of abrasive 
such as glass beads or marble chips* This preparation was 
then shaken vigorously for a standard period of time on 
an-electric shaker* The MPN test was then set up using 
the suspension in the Ringer1s solution as the original 
undiluted sample*. After incubation at 30°C*. for 21 days 
the tubes were tested for growth as described earlier in 
this report* In this manner an estimate of the number of 
nitrifiers in the known volume of Ringer's solution could 
be made. This could then be used to calculate the population
of nitrifiers on the known area of sample packing*
However, it was found that there was no consistency 
in the estimates obtained in this way, even on duplicate 
samples, and so these tests were discontinued.
The results from the rig tests show that the flow of 
v/ater over the packing has a marked effect on the rate of 
ammonia oxidation. If it is assumed that under non limiting 
conditions, with, the nitrifiers uniformly distributed over 
the packing surfaces, then the oxidation rate per unit 
area will be constant* However, as a result of this oxid­
ation ammonia will be removed from the water as it passes 
over each successive layer of packing* If the water en­
counters a sufficient number of layers of packing then 
all the ammonia in the water will be removed by oxidation. 
Therefore the oxidising potential of the packing is fully 
achieved only when the rate of supply of ammonia is greater 
than its rate of removal* It follows that the rate of 
supply of ammonia to the packing is a function of the 
rate of flow of water to the distribution, tray and hence 
to the packing.
At the critical flow rate below which the rate of 
supply of ammonia is less than its rate of removal, then 
the observed rate of oxidation in. the system will begin 
to decrease and become dependant on the flow rate as it
falls further* At flow rates in excess of this critical 
value the oxidation rate in the system will remain 
constant at its maximum value.
The concept of changing rates of? supply of ammonia 
to the packing can be used as the basis for the development 
of a model of the system, the aims of which are to provide 
a method of ascertaining the feasibility of an operation 
involving the use of cooling towers to nitrify ammonia in 
the cooling water.
The limiting flow rate in any system will be dependent 
on a number of factors:-
(i) The input of ammonia to the system, this in turn 
is governed by:-
(a) The concentration of ammonia in the system.
(b) The flow rate of water to the oxidising system.
(ii) The rate of removal of ammonia from the system.
Results from the work on the cooling tower rig indicate 
that the ammonia oxidation takes place largely as a result 
of attached nitrifying bacteria. In both the cooling tower 
rig and the power station cooling tower the bulk of the
surface area suitable for attached growth is provided 
by the tower packing.
Considering the tower packing as a series of layers 
of equal area, and that the nitrifiers- are uniformly 
distributed over this area, then it follows that each of 
these layers of packing should be able to oxidise an equal 
mass of ammonia in a given time under non limiting con­
ditions* N oel limiting conditions being reached when the 
ammonia concentration in the water film around the packing 
is in. excess of the limiting value for oxidation of 1.12mgl~^ 
NH^-N *
In order that non limiting conditions can be maintained 
the rate of removal of ammonia by the packing must be less 
than its rate of supply from freshwater coming into contact 
with, the packing* The rate of supply of ammonia must also 
be sufficient to ensure that water leaving the lowest layer 
of the packing has an ammonia concentration greater than 
the limiting value shown above*
As stated earlier, the rate of supply of ammonia to 
the packing is dependent upon both i.ts- concentration in 
the water and the rate of flow of the water over the 
packing* The flow rate at which the rate of supply of 
ammonia becomes limiting could be calculated on the 
following basis*
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In a system where:
then
F = 
k = 
W  = 
A =
So = 
sl =
Flow to the packing (litre sec*"^ )
—2 —1Rate of ammonia oxidation, (mg., m sec )
Number of layers of packing
Area of each layer of packing (metre )
- 1.Substrate concentration, above the packing (mgl ) 
Substrate concentration below the packing (mgl-1)
s o  1
7 ” 7" T V
/  /  /  / / / / / /
V  / / / / / / /  /  T *
/  / / / / / / / / / /
k.A*
N
Rate of supply of ammonia = F*S sec-1
Rate of removal of ammonia by one layer = k*A mg* sec-1
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therefore the rate of supply of ammonia to the second 
layer of packing,
= F*hSq - k*A mg * sec""'*'
So the rate at which- ammonia leaves the bottom of If • 
layers of packing*
F*S, = F*S - If*k*A mg*sec”'*'1 o
Substituting the appropriate values into this equation 
will then allow the limiting conditions for any cooling 
tower system to be predicted*
In the course of the rig studies the oxidation rate 
was measured under similar conditions a number of times 
(Table 9 ).
The surface area available for attached growth in
2the cooling tower.rig can. be calculated as 2.1+3 m> * This 
figure includes the total packing area and the area 
presented by the walls and floor of the pond enclosure 
and also the packing enclosure which is continuously . 
wetted during the operation, of the rig*
TABLE 9* OXIDATION RATES IN THE COOLING TOWER RIG
Oxidation rate pR Temperature range
mgl~^hr”  ^ (+0 *6J
1*51 7*1 20*5 - 21*0°C.
1.85 7*1 22*6 - 22*9
1*43 7*1 21 *0 - 22.-4
1*33 2*05 20*3 - 21-9
1*15 7*1 20*7 - 21*5
1.46 7*0 22.8 - 24*0
1*16 7*0 23*3 - 23*6
1*41
2
Area of packing. = 12L m
Area of walls and floor of pond = 66
Area of packing enclosure = 56
2
TotaL area = 243 metre
Since the mean max* oxidation rate = 1*41 mgl^hr”^
-1 -1 -2Max* oxidation, rate per unit area = 1*41 mgl hr m
243
Volume of the rig pond = 27190 litre
169
Therefore the mass of ammonia oxidised in one hour
= 1.41 x 27190 mg. hr-1m-2
243
-1 -?
= 1.41 x 27190 mg. sec m 
243 x 3600
Mass of ammonia oxidised
-1 -2 = 0.044 mg. sec m
The average ammonia .dosage to the cooling tower rig 
resulted in a concentration of some 4.5 mgl-1 NH^-N. Using 
the equation developed above, this can he used to calculate 
the theoretical- limiting flow rate for the system.
F = Limiting flow rate
-1 -2 
k = 0.044 mg.sec m
N = 15
A = 11.8 metre^
SQ= 4*5 mgl"1 NE^-N 
SL= 1.12 mgl"1 W E y K
The limiting flow rate under these conditions, 
therefore:-
1.12F = 4*5F - 15 x 0.044 x: 11.-8
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1.12F = - 7*79
i.e., 3-3 8 F =  7.79
so F = 2*30 litre sec"'*'
This value for the limiting flow rate in. the cooling 
tower rig compares favourably with, that determined by 
experiment as approximately 4 litre sec”'*'*
Possibly the most interesting results were those 
obtained from the monitoring programme carried out on the 
Croydon power station cooling system* This revealed a 
major and unexpected difference from the results obtained 
in the pilot scale rig system.
The oxidation of ammonia in the power station cooling 
system was found to follow first order kinetics whilst in 
the pilot scale rig a zero order reaction which changed 
to first order at substrate concentrations below the 
limiting value of approximately 1.12 mgl”^ NH^-N was 
found- However, it would appear that this apparent difference 
between, the two systems can be resolved if the model derived 
from the rig system results is applied to the station system.
As previously reported, throughout the duration of - 
the tests on the cooling system the power station was
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operating at a greatly reduced generating capacity as a 
result of defects found in the turbo generators. Although 
the generating capacity was reduced, the cooling capacity 
of the station, remained unchanged with all six cooling 
towers being used. As a ..result of this high cooling 
capacity and comparatively low cooling requirement the 
circulation required to bring about the necessary cooling 
was very low*. Of the eight circulating pumps available* 
each rated at a delivery of some 6850 metre^ hr-'*', it 
was necessary to operate only one for much of the time.
Applying the equation, developed from the cooling 
tower rig results then it can be seen that at flow rates 
of this order, limiting conditions for the ammonia oxidation 
reaction are produced. During the tests on the power station 
system the maximum concentration of ammonia in the system 
was found to be of the order of 2.5mgl~1 in this
situation the limiting flow rate is calculated as follows:-
F =. Limiting flow rate
-1 -2hi = 0.044mg.sec m
N' =- 25
. = 14712 metre^
;Q = 2.5 mgi“r NH^-rr 
;r = 1.12 mgl"1 NH^-N.
A
S
S,
Therefore in the power station cooling system
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1..12F = 2*5F - 23 x 0.044 x 14712
1.12F = 2*5F - 14888*5
so F = 14888*5
1*38
= 10788*8 litre sec-'*'
However,. the flow rate in the system with one circulating 
pump in operation is only 1903 litre sec-”*-* To produce non­
limiting flow conditions would therefore require the use 
of six. circulating pumps*
At the low flow rates which were encountered during 
the tests on the Croydon system the overall effect on the 
ammonia concentration in the cooling system is one of 
dilution* The water flowing off the bottom layer of 
packing effectively having had all the ammonia removed by 
oxidisers on the higher layers* The dilution effect causes 
the removal of ammonia from the system to follow first 
order reaction kinetics.
If this theory is correct it should be possible to 
demonstrate a difference in the ammonia concentration in 
the water above and below the tower packing* Measurements 
of these concentrations were therefore attempted, although
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again* as a result of the infrequent periods of operation 
at Croydon the opportunity to carry out such a test was 
severely limited. However* the results that were obtained 
(Table 10) do indeed indicate that there is a significant
Above
packing
Below
packing
*
Ammonia concentration 
mg-l^H^-ir
1*6 2.25
0-57 1 * U
* Measured by Nessler*s method*
TABLE 10*AMMONIA CONCENTRATIONS IN THE TOWER PACKING
difference in the ammonia concentrations in the water above 
and below the tower packing-
The equation used above to determine the limiting flow 
rate suggests that at flow rates below the limiting value 
the concentration of ammonia in the water below the packing 
should in theory be zero- The observed values were in fact 
more than this* This was probably due to the method of
sample collection employed,, it involved floating the 
collection vessel under the packing to catch a sample 
of the water as it rained down from the bottom layer of 
packing* This method was necessary due to frost damage 
to the outer portions of the packing which had resulted 
in. the collapse of large areas in these parts.. Consequently 
water raining down through these- damaged areas may have 
only slight contact with intact areas of packing. It is 
therefore also possible that some of the water collected 
in the sample vessel had never been in contact v/ith the 
packing and as a result the ammonia concentration in the 
sample would be higher than, the theoretical values.
Similar tests carried out on the cooling tower rig, 
by means of a funnel placed immediately below the packing 
and connected via a sample line to an EIL 8002 ammonia 
monitor,, failed to show any difference in the ammonia 
concentrations above and below the packing* The flow rate 
during these tests was 20 litre, sec*”^  and the ammonia 
concentration approximately 5mgl"’'*' NH^-N* Again, this 
result would be predicted if the relevant factors are 
substituted into the equation-
If the reaction observed in the power station cooling 
system is the result of dilution of the circulating water 
by water from which all the ammonia has.been removed, by . 
oxidation, as it passes over the packing, then the reaction
can be described by the term:-
Cf = C . t o
where
C^ = Concentration of ammonia after time t (mg.!”**").
C = Initial concentration of ammonia (rng.l-^). o
- 2
k^ = A constant. (Sec7 )
F = Flow rate to the packing (litre sec*"*'*'). 
%
T  =- Volume of the cooling system (litre), 
t = Time. (Sec.)
The value of the constant k^ will differ from system 
to system and will depend upon the type of packing in the 
cooling tower.
From the, above term-.it can be seen that for this type 
of reaction the greater the flow rate to the packing then 
then the higher the rate of ammonia oxidation i.e. the 
rate of ammonia oxidation in the Croydon power station 
cooling system under limiting flow conditions is proportional 
to the number of circulating pumps in operation.
A chance to verify this occurred on one occasion as 
several pumps were brought into operation in sequence. 
Although the length of time in which this took place was
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somewhat brief, some extrapolation of the observed rates 
of oxidation enabled Figure 55 to be produced. This shows 
that the rate of ammonia oxidation in the power station 
cooling system does indeed appear to be proportional to 
the number of circulating pumps in operation.
At Croydon power station, operating all eight of 
the circulating pumps would exceed the limiting flow 
rate. The minimum number of pumps necessary to do this 
would in fact be six. However, under normal operating 
conditions the maximum number likely to be in use would 
be six and so the limiting flow rate is usually in excess 
of that produced by the circulating pumps. Under these 
conditions the nitrification rate will not reach its 
maximum potential. This does not constitute a problem at 
Croydon power station v/here nitrification is used purely 
as a means of controlling the cooling system's pH and 
the rates that are achieved are sufficient for this 
purpose.
However, in other systems pH control might not be the 
reason for which nitrification is encouraged and the terms 
developed earlier can be used to provide a rapid means of 
assessing the nitrification potential of any cooling 
system where values for the area of packing and water 
flo w rates to the cooling towers are available. This 
information would be of great value in determining the 
feasibility of using a cooling tower system to nitrify
effluents without the need for costly and time consuming 
trials*
Tire use of cooling towers to nitrify effluents 
appears to be a quite, practical proposition. However its 
overall feasibility may be seriously affected by the source 
of the ammonia used* The Croydon system is almost unique 
in this country by using treated sewage effluent as the 
sole source of cooling water. The sewage effluent was 
initially able to supply enough ammonia to enable pH control 
by nitrification* The original sewage treatment works 
associated with the power station was in time replaced 
by an up to date plant which resulted in an improved degree 
of effluent treatment such that the concentration of ammonia 
in the final effluent was no longer able to meet the require­
ments of the system for effective pH control.
However, it was decided that the nitrification process 
would be retained at Croydon rather than switching to one 
of the alternative methods of pR control such as those 
outlined earlier in this report* Therefore, although 
treated sewage effluent is still the sole source of 
cooling water,, it is now necessary to dose with ammonia, 
in the form of ammonium sulphate,, in order to provide the 
substrate for nitrification and thus control the pH.
Althogh dosing the system with ammonium sulphate has
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of rooting water and sewage sludge 
digestion liquor in the cooling tower rig
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proved to be viable at Croydon power station, its use 
at other power stations would depend on the relative 
costs of the ammonium sulphate and the alternatives 
such as sulphuric acid or chlorine. At the present time 
the cost of these materials is quite similar and so there 
would be little to be gained in changing an established 
system using one of the alternative methods to one based 
on nitrification with the need to dose ammonium sulphate.
Eowever, if a cheaper source of ammonia were to become 
available then it may well became economically advantageous 
to use nitrification as a means of pE. control, since as 
Humphris (1977) points out there are significantsavings 
to be made using this method when compared with chlorination. 
One possible alternative source of ammonia for nitrification 
was considered for use at Croydon power station, this was 
to mix liquors from the sludge digestion treatment process 
with the treated .final elfluent* normally pumped to the 
power station as cooling water make up. Tests in the 
cooling tower rig indicated that a mixture of this type 
would oxidise readily (Figure 56), its use in the cooling 
tower system would have made the purchase of stocks of 
ammonium sulphate unnecessary.. In addition to this saving 
to the power station, the loading on the sewage treatment 
works would be reduced since under normal conditions the 
digestion liquors are returned to the works inlet for 
complete treatment before disposal. The joint benefits
from the system could be such that the costs of any 
additional pipelines or equipment necessary for its 
successful operation could be shared between the power 
station and sewage treatment works.
However, as stated earlier, Croydon power station 
is almost unique amongst CEGB' power stations in being 
situated close to a sewage treatment works so that any 
pipelines would be relatively short, keeping these shared 
costs to a minimum. The transport of ammonia effluents 
over long distances by pipeline would not be economically 
feasible and with road tankerage costs as high as-£21- per 
hour (NAWDC, 1982), long distance road haulage would also 
probably be uneconomical.
Combined pov/er station/ sewage treatment works 
operations may well be feasible and could possibly be 
borne in mind when siting either new power stations or 
sewage treatment works so that transport costs could be 
kept to a minimum.. Possible drawbacks to the combined 
systems would be how to overcome periods when the pov/er 
station cooling towers were unavailable for example when 
the station was not on load necessitating either storage 
facilities or alternative means of treatment for the 
ammonia rich effluents.-
The use of ammonia rich effluents in cooling towers
need not be confined to power stations, many industries 
make use of cooling towers and in addition some of these 
industries produce ammoniacal effluents. Industries such 
as steel processing, oil refining and the manufacture of 
fertilisers will all produce this type of effluent. The 
diversion of some or all of these effluents to the cooling 
system for nitrification would have a two-fold advantage:-
(x) The loading on the effluent treatment plant would 
be reduced, and hence treatment costs would also be reduced*
Cxi) The volume of water required for cooling purposes 
could be reduced as a result of making use of the untreated 
effluent as make up water. This would allow water charges 
to be reduced and also make fresh water available for 
other industries.
It. would appear,, therefore that the scope of application 
of nitrification in cooling towers is wide and merits further 
research. This study has concentrated largely on pilot scale 
work,, the opportunity to carry out work on an operational 
cooling system being very limited. The pilot scale studies 
indicate that nitrification, in. cooling towers is a feasible 
proposition purely from the operational point of view.
Further research should be aimed at the full scale system 
and to determine whether it is an economically viable, 
proposition.
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APPENDIX
LIQUID MEDIA FOR NITRIFYING BACTERIA
NITROSOMONAS MEDIUM
NaCl
Mgso^ ?h:2o 
FeSO^ . 7H'20
(n h 4)2s°4 >
Di stille.cUwat er 
O^IM KH2P0^ solution 
CaGO-r
0.3g
O . U g
0.03g
0.66g
990ml 
10 ml 
10 g
The mixture was put into tubes in 2.5ml amounts, using 
aeration to keep the CaCO^ in suspension. The tubes were 
sterilised in an autoclave at 15 psi for 15 minutes.
NITROBACTER MEDIUM
As above but replace the (NH^)2S0^ with 0.175g/ litre 
NaN02.
TYPICAL ANALYSIS OF CROYDON B .POWER STATION COOLING
SYSTEM MAKE UP WATER (FILTERED TREATED SEWAGE EFFLUENT 
FROM THE BEDDINGTON STW.)
pH 7.1 .
Total hardness mgl”^ CaCO^ 210
M. Alkalinity mgl~^ CaCO^ 140
Chloride mgl"1 NaCl 140
Sulphate mgl”^ Na2S0^ 150
Soluble phosphate mgl"*^ Na^PO^ 30
Insoluble phosphate mgl”^ Na^PO^ 0
Ammonia mgl~^ NH^-N 6.5
TYPICAL ANALYSIS OF CROYDON B POWER STATION CIRCULATING 
(COOLING) WATER *
pH 7.1
Total hardness mgl"^ CaCO^ 420
M* Alkalinity mgl~^ CaCO^ 34
Chloride mgl-”1 NaCl 276
Sulphate mgl"'1' Na2S0^ 310
Soluble phosphate mgl- *^ Na^PO^ 56
Insoluble phosphate mgl~^ Na^PO^ 0
Ammonia mgl~^ NH^-N 0.8
THE OXIDATION- OF AMMONIA IN THE PACKING OF THE COOLING
TOWER RIG (Fig. 12)
TIME HR. CONCT." mgl^NHy
0 8. V
0.5 ' 7.55
1.0 6.97
1.5 6.35
2.0 5.68
2.3 5.2
3.0 4.9 5
3 .5  if .8 2
4.0 4.57
6.0 k+3
Flow to the packing
0 - 2.3 hr. 20 litre sec"-^
2.3 - 6 hr. No flow 
Temperature 14° C. 
pH 7 +0.1
•N
D..0*
100%
100 - 73%
THE OXIDATION OF AMMONIA IN THE PACKING OF THE COOLING
TOWER RIG (Fig. 13)
TIME HR. CONC.. m g l ^ N ^ - H
0 6-75
0.5 6.71
1.0 6.56
1.5 6.23
2.0 6.08
2.3 6.05
2.8 5.54
3.3 4.99
3.8 4.43
4.3 3.92
4.8 3.45
5.3 3.0
Flow to the packing D.O.
0 - 2.3 hr. Ho flow 100 - 62%
2.3 - 5.3 to. 20litre sec" *^ 100%
Temperature. • 15.5° C.
THE OXIDATION OF AMMONIA■IN THE PACKING OF THE COOLING
TOWER RIG (Fig. 14)
TIME HR. NH^ CONCT. mgl^NH^-N
0 3.5
0.33 3.2
0.67 2.88
1.0 2.55
1.3 2.26
1.67 2.17
2.0 2.1
2.3 2.05
2.67 2.03
3.0 2.0
3-3 1-99
3.67 1.94
4.0 1.87
Flow to the packing D.O.
0 - 0.8 hr. 20 litre sec” *^ 100%
0.8 - 4 to. No flow 100 - 76.5%
Temperature 20.5 - 21° C. 
pH 7 + 0.1
THE EFFECT OF AMMONIA CONCENTRATION ON OXIDATION RATE IN
THE COOLING TOWER RIG (Fig 15)
time h r . corrc. mgi“1NH3-rr
0 4.39
0.5 4.19
1.0 3.57
1.5 3.28
2.0 2.78
2.5 2.44
3.0 1.97
3.5 1.65
4.0 1.2
4.5 0.95
5.0 0.64
5.5 0.33
6.0 0.25
6.5 0.18
7.0 , 0.1 
k= -0.8mgl~^Iir""^
D.O. 100%
Temperature range 19.7 - 20.3°CT. 
pH 7 (+0.1)
Water fXow to the packing 20 litre sec ^
THE EFFECT OF pH ON THE RATE OF AMMONIA OXIDATION (Fig. 1.6)
pH Rate of oxidation. % of maximum
-1 -1mg. 1 hr NH^-H oxidation rate
6.4 0.05 0.6
6.52 0.16 1.92
6.6 0.575 6.89
6.85 2.08 24.9
6.94 1.88 22.5
7.0 2.23 26.71
7*1 3.0 35.9
7.2 3.02 36.12
7.45 3*88 46.47
7*64 6.28 75*21
7*82 7.I4 85*51
8*0 8.33 99*76
8*05 8.35 100
8.14 7*64 91*5
8.2 8.12 97*25
8*3 6.71 80.36
8*4 4.59 54*97
8*46 3*38 40.48
8.54 2.18 26.11
Temperature 25 °C. (+0.2°)
EFFECT OF TEMPERATURE ON THE RATS OF AMMONIA OXIDATION (Fig. 18)
Temperature Rate of oxidation % of maximum
mg.l ^hr ^ NH^-N oxidation ra'
14*8 0.32 1.9
17.8 1.09 6.5
20 1.85 H . l
22.9 4.3 25.8
26*4 6.4 58.4
26.4 5.5 33*0
27.5 9.95 59.7
28 .Z 16.67 100
29.2 8.0 48.0
24 2.64 15.8
26 5.21 31.3
28.1 12.7 76.2
30.25 13.02 78.1
26.5 2.65 15-9
32.4 5.47 32.8
28 4.15 24.9
26.5 9.5 57.0
33 14.17 85.0
25 3.49 20.9
34 6.62 39.7
39.5 3.37 20.2
42.5 0 0
pH 7.05 (+0.05)
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THE EFFECT OF PACKING AREA ON THE RATE OF AMMONIA
OXIDATION (Fig. 19)
TIME HR. NH, CONC. mgl'1NH,-N
0 8.if
0.5 7.55
1.0 6.97
. 1.5 6.35
2.0 5.68
2.3 _ 5.2
3.0 4.95
3.5 4-82
4.0 4.57
6*0 k»3
Area of packing D*0*
0 - 2*3 hr 100% packing 100%
2*3 - 6 hr Zero packing 100 - 73%
Temperature IZj.0 C. 
pH 7 + 0 *1
A9
THE EFFECT OF PACKING AREA ON THE BATE OF AMMONIA
OXIDATION (Fig-. 20)
TIME HR* NH^ CONC* mgl"1NH^-N
0
0*5
1*0
1*5
2*0
2*3
2*8
3*3
3*8
*f*3
if.8
5*3
6*75 
6*71 
6*56 
6*23 
6.08 
6*05 
5*5if 
if*99 
k *43 
3*92 
3*if5 
3*0
Area of packing
0 - 2*3 kr Zero packing:
2.3 - 5*3 kr 100% packing
D*0*
100 - 62% 
100%
Temperature 15*5 C*
THE EFFECT OF PACKING AREA ON THE SATE OF AMMONIA
OXIDATION (Fig.21)
TIME HE. -1.NH- CONC. mgl TO,-
5 j
U
0
0.33
0.67
1.0
1.3 
1*67 
2.0
2.3 
2*67 
3*0
3.3 
3*67
if ..0
3.3
3.2
2.88
2.55
2„26
2*17
2.1
2.05
2*03
2.0
1*99
1*94
1.87
Area of packing 
0 - 0.8 hr 
0*8 - 4 hr 
Temperature 20.5 
pEL 7 + 0.1
100% packing 
Zero packing
21° C.
D.O *
100%
100 - 76.5%
A l l
THE EFFECT OF PACKING AREA ON THE RATS OF AMMONIA
OXIDATION (Fig* 22)
TIME HR NH3 CONC. rogl^NH^-
5*^ +5 
if-98 
4*62 
if-25 
3-95 
3-65
3-16 
2*78 
2.35
1-93 
1.55
Area of packing
0 - 2*5 hr. 61*5% of packing in use
2*5 - 5 hr* 100% of packing in use
Temperature 11.6 - 11*9°C. 
pE 7-1 1+0.1)
0
0*5
1*0
1-5
2.0
2*5
3.0 
3-5
if.*0
if-5
5.0
D*0.
100%
A12
THE EFFECT OF PACKING AREA ON THE RATE OF AMMONIA
OXIDATION (Eig. 23)
TIME HR.. NH^ CONC* mgl^NH^-H
0 4-25
0*5 3.84
1.0 3-48
1.5 3.16
2.0 2.82
*
2.5 2.5
3-0 2.2
3.5 1-89
4.0 1.54
4.5 1.08
Area of packing D.O.
0 - 3 hr 6L.5%> of packing in use
100%
3 - 4.5 hr 100% of packing in use 
Temperature 12.2 - 13.7°C. 
pH 7.1 C+_ 0.1)
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THE EFFECT OF PACKING AREA ON THE RATE OF AMMONIA
OXIDATION (Fig. 2A)
TIME HR. NH^ CONC* mgl^NH^-
0 5*32
0.5 A*9
1.0 A*68
1*5 A *36
2.0 A*18
2.5 3*88
3*0 3*7
3*5 3*25
A*0 2.85
A*5 ' 2*A5
5*0 2.05
5*5 1*63
Area of packing
0 - 2.7 fir 2.3% of packing in use
2.7 - 5*5 br 100% of packing in use
Temperature 11.8 - 12.5°C* 
pS7.1 (+ O ^ J
D.O.
100%
AM
THE EFFECT OF PACKING AREA ON THE BATE OF AMMONIA
OXIDATION (Fig. 25)
TIME HR. NBj CONC. mgl_1NH5-N
0 9.54
0.5 ' 9.25
1.0 8.83
1.5 8.41
2.5 7.69
3.0 7.36
3-5 6.9
4.0 6.55
4-5 6.25
5.0 5.97
5.5 5.62
6.0 . 5.42
6.5 5.1
7.0 4.81
7.5 4.59
8.0 • 4.3
100%
Area of packing D.O*
0 - 3*3 hr 100% packing, in. use
3-3 - 8-0 hr 23% packing in use 
Temperature 12 - 12.5°0- 
pE 7.1 i+ u.l)
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THE EFFECT OF PACKING AREA ON THE RATE OF AMMONIA
OXIDATION (Fig. 26)
TIME HR. NH^ CONC. mgl~1NH^-N
0 6.2
0.5 5-89
1.0 5.61
1-5 5.3
2.0 5.01
2-5 4-7
3.0 4-29
3-5 3.64:
4.0 3-05
4-5 2.45
5-0 1.85
5-5 1-29
Area of packing
0 - 2.5 Hr. 11-5% of packing in use
2.5 - 5.-5 Hr. 100% of packing in use 
Temperature 23-3 - 23-6°C. 
pH 7 ( + 0.1)
D.O.
100%
THE EFFECT OF PACKING AREA ON THE RATE OF AMMONIA
OXIDATION (Fig. 27)
TIME HR* NH^ CONC * mgl^NE^-N
0 4*99
0*5 4*61
1*0 4*18
r*5 3*83
2*0 3*45
2*5 3*09
3*0 2*7
3*5 1*91
4*0 1.36
Area of packing
0 - 3  hr* 100% of packing in use 
3 - 4 hr* H . %  of packing in use 
Temperature 22.8 - 24°C. 
pE 7*0 (+ 0.1)
D *0 *
100%
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THE EFFECT OF FLOW TO THS PACKING ON THE RATE OF
AMMONIA OXIDATION (Fig. 29)
TIME HE. NH^ CONCT. mgl”1! ^
0
0.5
1.0
1.5
2.0 
2*3
3.0
3-5
4-0
6.0
Flow to the packing
-10 - 2.4 Hr 20 litre sec
2.4 - 6 hr 0 litre sec"^
Temperature 14°C.
8.4
7.55
6.97
6.35
5.68
5.2 
4.95 
4.82 
4.57
4.3
D.O.
100% 
100 -
THE EFFECT OF FLOW TO THE PACKING ON THE RATE OF
AMMONIA OXIDATION- (Fig. 30)
TIME HR. CONC. ragL”1NH^-N
Q
0^5
1.0
1-5 
2.0
2-3 
2.8
3-3
3 -a 
4>3
4-a
5.3
6.75
6.71
6.56
6.23'
6.08
6.05
5.54
4-99
4-43
3.92
3-45
3-0
Flow to the packing 
0 - 2.4 hr
2.4 - 5-3 Hr . 
Temperature 15-5°C. 
pR 7.0 0.1)
0 litre sec
20 litre sec
-1
-1
D.O.
ioo - 62% 
100%
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THE EFFECT OF FLOW TO THE PACKING ON THE RATE OF
AMMONIA OXIDATION (Fig. 31)
TIME HR* NE -I,^ CONC* mgl NH^-N
0
0.-33
0.6?
1.0
1.3 
1.67 
2.0
2.3 
2.6? 
3.0
3.3 
3.6?
if.O
3.5
3.2 
2.88 
2.55 
2.26 
2.17 
2.1
2.05
2.03 
2.0 
1.99 
1.94 
1.87
Flo?; to the packing 
0 - 0.8 hr 
0.8 - k hr
20 litre sec
Zero flow
-1
Temperature 20.5 - 21 C. 
pH 7 + 0 . 1
D.O*
100%
100 - 76.5%
A20
TEE EFFECT OF FLOW TO THE PACKING ON THE RATE OF
AMMONIA OXIDATION (Fig. 32)
TIME HR NH^ CONC.. mgl^NH^-N'
0 6.2
0.33 6.02
0.67 5-63
1.0 5-3
1-33 4-92
1-67 4-43
2.0 3-97
2-33 3-41
2.67 2-95
3-0 2.45
3-33 1-96
Flow to the packing D.O.
0 - 1.67 hr 2.55 litre sec”1 100 - 65%
1.67 - 3-33 hr 20 litre sec”1 100%
Temperature 20.5 —  21° C. 
pH 7.1 +.0.1
THE EFFECT OF FLO?/ TO THE PACKING ON THE RATE OF
AMMONIA OXIDATION (Fig. 33)
TIME HR. NH^ CONC.. mgl NH^-N
0
0.33
0.67
1.0
1.33
1.67 
2.0 
2-33
2.67 
3.0
3.33 ‘
3.67 
4 JO
7.23
6.77
6.39
5.93
5.59
5.21
4.91
4.5
4.13
3.55
2.99
2.38
1.9
Flow to the packing
0 - 2.6 hr. 5 litre sec-1
2.6 - 4.0 hr. 20 litre sec 
Temperature 22.6 - 22.9°C. 
pH 7,1 + 0.1
-1
D.O.
100%
A 22
THE EFFECT OF FLOW TO THE PACKING ON THE RATS OF
AMMONIA OXIDATION (Fig. 34)
TIME HR. NH, CONC. mgl"1NH^-N
3 D
0
0.3 
0.67
1.0
1.3 
1.67
2.0
2.3 
2*67 
3.0 
- 3-3
Flow to the packing D*0.
0 - 1.8 hr. 9*4 litre sec”"*
100%
1.8 - 3*3 hr. 20 litre sec”
Temperature 21 - 22.,4°C. 
pHT 7*1 +^0.1
5-81
5-29
4-78
4.29
3.83
3-39
2*9
2.43
1-96
1-59
1.23
A23
THE EFFECT OF FLOW TO THE PACKING ON THE RATE OF
AMMONIA OXIDATION (Fig.. 35)
TIME HR. NH^ CONC. mgl'-hs^-N.
0 5.84
0.3 5*32
0.67 4.87
1.0 4*42
1.3 4*0
1.67 3*52
2.0 3*11
2.3 2.66
2.67 2.-26
3*0 1.87
3-3 1*54
3*67 1*18
D.O.
100%
Flaw to the packing
0 - 2 . 1  hr* 20 litre sec”'*'
2.1 - 3*67 hr* 40 litre sec"1
Temperature 20*3 ~ 21.9°C. 
pff 7*05 (+.0.1)
A24
THE EFFECT OF FLOW TO THE PACKING ON THE RATE OF
AMMONIA OXIDATION (Fig. 36)
TIME HR NH^ CONC. mgl^NH.
0
0.75
1.5
2.25
3.0 
3.75
4.5
5.25
Flow to the packing 
0 - 2.8 hr 20 litre sec"1 
2.8 - 5.25 hr 80 litre sec"1 
Temperature 20.7 - 21*5° C. 
pH 7.1 + 0.1
6.05
5.45
4.85
4.29
3.7
3.23
2.66
2.12
D.O.
100%
THE EFFECT OF pH ON THE GROV/TH RATE OF NITROSOMONAS SP.
AT 25° C. (Figs*38 - 41)
pH 7.0 (.+ 0*1)
TIME DATS*
0
1
2
3
4 
8 
9
14
pH 7.42 (+0*1)
0
1
4
5
6
7
8 
11
NOS* CELL ML’1
37
149
713
1230
3428
152479
609915
315653
214
1230
19728
64877
115918
170667
219386
315653
pH 8.0 (+ 0.1)
TIME DAYS. HOS. CELL ML-1
0 1600
1- 7245
2 13712
3 19728
4 54347
5 78913
7 1038029
8 2730673
10 2730673
11 . 1262611 
14 877545
pH: 8.5 (+ 0.1)
0 214
3 2667
4 9529
5 10667
6 315653
V  4152118
9 2730673
11 1854683
A27
THE EFFECT OF pH ON THE GROWTH RATS OF NITKOBACTER SP.
AT 25° C. (Figs. 42 - 45)
pH 7.0 (+ 0.1)-
TIME DAYS. NOS- CELL ML-1
0 
1 
2 
3 
6
pE 7*5 (+.0.1)
0 19728
X 26678
2 115918
7 877545
8 1262611
9 877545
6669 
19728 
78913 
54847 
54847
pH 8.0 (+0.1)
TIME DAYS. NOS- CELL ML-1
0 4932
1 25944
2 17066?
3 259507
4 1660388
7 6025584
pE 8.5 (+0.1)
0 916
1 4932
2 13712
4- 219386
7 463671
9 1854683
11 7418730
1? 7418730
18 7418730
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THE ONSET OF AMMONIA OXIDATION (Figs. . 46 -. 49)
pH 7.0^ (+0.1)
TIME DAYS.. RATE OF NH^ OXIDATION mgl"1hr"1
0 0
1 0
2 0
3 0.16
4 0.6
9 3.17
10 2.8
11 4.39
14 3.95
15 3.8
pH: 7.42 (+0.1)
0
1
4
5
6
7
8 
10 
11
0
0
0.05
0.27
0.59
1.15
2.01
3.33
3.51
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pH 8.0 (+0.1)
TIME DAYS.* RATE OF NH-, OXIDATION mgl^hr-1
j
0 0
1 0
2 0
k 0.97
5 2*58
7 5.85
8 7.57
9 9*32
10 8.25
11 9*0
16 8.05
pH: 8*5 (+0.1)
0 0
3 0
k 0
5 0.12
6 2*09
7 7-9
A31
THE EFFECT OF A LOW RETENTION TIME ON AMMONIA OXIDATION
IN THE COOLING TOWER RIG (Fig. 50)
TIME DAY
RATE OF NH-
OXIDATION
Md.L“1HR“1
NOS. OF NITROSOMONAS SP. 
-1CELL ML 
INLET POND
0
1
2
5
6
7
8 
9 
11. 
12 
13
0
0
0.13
0.09
0.20
0.40
0.38
0.34
150
110
215
150
'710
75
150
310
310
40
80
80
215
110
150
215
215
Retention time 8.2 hr. 
pH 7 + 0.2 
D.O.. 100%
Temperature 7 - 9 * 6  C.
THE RELATIONSHIP BETWEEN BOD AND AMMONIA OXIDATION IN
THE COOLING TOWER RIG (Fig. 51)
TIME DAY BOD MG..L71 RATE OF NH^ OXIDATION
m g ..l 71h r 71
0 166.5 1.86
0.1 - 1.31
1 97.0 1.74
2 57.5 1.83
3 12.0 I .-53
5 16.5
Temperature 18 - 23*4° C. 
pH: 7 + 0.5 
D.O. 100%
Flow to the packing 20 litre sec”^
AMMONIA OXIDATION IN THE COOLING SYSTEM AT CROYDON B
POWER STATION (Fig. 52)
TIME HR.
0
1.0
2.0
3.0
4.0
5.0
6.0
7.0
8.0
9.0
10.0 
11.0 
12.0
NH^ CONC. mgI-1NH^-N
2.89 
2.44 
2.28 
1.87 
1.56 
1.38 
1.18
1.06 
0.95 
0.80 
0.68 
0.59 
0.53
Flow = 1 C.W. pump
= 1893 litre sec”"*
THE OXIDATION OF AMMONIA FROM A MIXTURE OF COOLING WATER 
AND SEWAGE SLUDGE DIGESTION LIQUOR DT THE COOLING TOWER 
RIG (Fig. 56)
TIME HR. NH^ CONG, mgl-1 NH^-N
0 33.4
20 20.6
50 8.1
Temperature 11 - 15° C. 
pH 7 + 0.4 
D.O. 100%
Flow to the packing 20 litre sec ^
- 1 - 1
Rate of ammonia oxidation 0.5 mgl hr NH^-N
